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Carbonic anhydrase (CA) is a well-studied, zinc dependent metalloenzyme that 
catalyzes hydrolysis of carbon dioxide to the bicarbonate ion. In the past, metal binding 
studies related to CA have continually relied on equilibrium dialysis measurements to 
ascertain an extremely strong association constant (Ka ≈ 1.2 × 1012) for Zn2+. However, 
new methodology has allowed us to collect data using isothermal titration calorimetry 
(ITC), which calls that number and the association constants for many other first row 
transition metal ions into question. Thermodynamic parameters associated with Zn2+, 
Cu2+, Ni2+, and Co2+  binding to apoCA are unraveled from a series of complex equilibria 
associated with the in vitro metal binding event. This in-depth analysis adds clarity to the 
complex ion chemistry associated with metal ion binding to carbonic anhydrase and 
validates thermochemical methods that accurately measure association constants and 
thermodynamic parameters for complex-ion and coordination chemistry observed in 
vitro. Additionally, the as-isolated and the reconstituted ZnCA and other metal-
substituted CAs were probed using X-ray absorption spectroscopy. Both X-ray 




(EXAFS) analyses indicate the metal centers in the reconstituted carbonic anhydrases 
offer new metal binding coordination sites that can be used as models to understand 
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Introduction to Carbonic Anhydrase 
Carbonic anhydrases (CAs) are a family of metalloenzymes that catalyze the zinc-
dependent hydrolysis of carbon dioxide (CO2) to the bicarbonate ion (HCO3-). Based on 
primary sequence similarities there are three distinctive classes of CAs (α, β, and γ).1,2 
Carbonic anhydrases from mammals (including the 10 known active human isoforms), 
together with the two periplasmic enzymes from Chlamydomonas reinhardtii, are 
grouped in the α-class.3 The β-class is found in plants, with a few exceptions from certain 
species of bacteria.4 The γ-class CA is mainly found in archaebacteria and was first 
identified in the archeon Methanosarcina thermophila.5 Each class of CA, utilizes a 
catalytic zinc ion bound by either three histidine residues as in the α- and γ-classes, or a 
histidine and two cysteine residues as in the β-class of CA.3 Among the CAs, human 
carbonic anhydrase II (HCA II) is one of the most efficient isozymes of the α-class that 
promotes the catalysis of CO2 hydration with a turnover rate of about 106 s-1.6 HCA II 
serves as a good enzyme model system for biophysical study because it is soluble, 
monomeric, low molecular weight (29 kDa), and is extremely well-characterized.1 
The CAs have been extensively studied because of their ubigouitous physiological 
roles.7 In mammals, the reversible CA-catalyzed hydrolysis of CO2 is important in many 








acidification, bone function, tumor metastasis, and so on.1,8 Due to their wide-spread 
distribution and diverse functions, CAs are therapeutic targets for many diseases and the 
inhibition study of CAs has been an active focus of research since their discovery. One of 
the most characterized inhibitors of CAs contains a sulfonamide group that can bind to 
protein with a Kd value in the 10-12 to 10-6 range.9 Many structural studies show that the 
sulfonamide moiety binds as the RO2SNH- monoanion to the Zn2+ ion in the active site 
and donates a hydrogen bond to T199.10,11 So far, some CA sulfonamide inhibitors, such 
as arylsulfonamide, acetazolamide, and brinzolamide are important clinical drugs in the 
treatment of glaucoma, congestive heart failure, hypertension, and epilepsy.12,13 
The mechanism of all CAs is generally described as a ping-pong type process,14 
where catalytic turn-over starts with the nucleophilic attack of the carbon atom of CO2 by 
a Zn-bound hydroxide ion to generate a zinc-bound bicarbonate complex. This species 
then dissociates from the metal site allowing an additional water to coordinate (equation 
1.1). The bound water is deprotonated rapidly, with the aid of a localized base, to 
regenerate the catalytic zinc-hydroxide species (equation 1.2). Unexpectedly, the transfer 
of a proton from Zn2+-bound water to buffer molecules is the rate-limiting step of the 
overall reaction, and the nature of the proton shuttle associated with equation 2 appears to 
be unique to each class of CA.15 In HCA II, the proton shuttle process is suggested to 
occur through a network of well-ordered, H-bonded waters.16 This network stretches 
from the metal center to the proton shuttle residue, His64. This pathway employs a H-
bonded network with several hydrophilic residues that line the active site pocket. 
Mutation of His64 to Ala generates a protein having 6-12% of the activity of native 







residue His64 has been observed to occupy two distinct positions, termed the inward and 
outward conformations, which point toward and away from the Zn2+ active site, 
respectively.18 The exact mechanism about how protons are transferred in the active site 
of HCA II is not clear, but it has been postulated that the inward conformation of His64 
might be poised to accept the excess protons from the hydrogen-bound solvent network, 
while the outward conformation is ready for proton shuttling to the bulk solvent.6 
CO  HO  ZnCA  ↔ HO CO  ZnCA  
 
H O ZnCA  HCO  (1.1) 
H O ZnCA  ↔ HO  ZnCA  H  (1.2) 
Structure of HCA II Active Site 
The three dimensional architecture of HCA II is well characterized by high 
resolution X-ray crystallography.16,19 As shown in Figure 1.1, the overall structure of 
HCA II can be best described as a single domain mixed α/β globular protein.20 This 
structure is dominated by a twisted antiparallel β-sheet of ten strands (βA-J) in the central
of protein and seven α helices (αA-G) on the surface. The catalytic active site of HCA II 
is located in the central region of the β-sheet, and is comprised of a conical cleft, 
approximately 15 Å deep, with the zinc residing in the interior. The Zn2+ center is 
coordinated with three protein-derived histidine residues (Nε of His94, Nε of His96, and 
Nδ of His119) and a labile water molecule to form a distorted tetrahedral arrangement, as 
shown in Figure 1.2.21 The direct zinc ligands are further hydrogen bonded to hydrophilic 
residues in a second shell of amino acids forming a hydrogen-bond network: His94 
donates a hydrogen bond to the carboxamide side chain of Gln92; His96 donates a 





bond to the carboxylate side chain of Glu117; and zinc-bound water donates a hydrogen 
bond to the hydroxyl side chain of Thr199.22,23 Maintaining the active site hydrogen 
bonding network is important for the enzyme proton transfer, zinc affinity, and catalytic 
efficiency.24 Additionally, there are hydrophobic faces surrounding the zinc binding site 
of HCA II, which are also important for the catalytic activity and inhibitor binding 
studies. A hydrophobic pocket adjacent to zinc-bound hydroxide also serves as a 
substrate association site to bind CO2.25 This pocket is formed in a large part by residues 
Val143, Val121, Leu198, and Trp209 and is highly conserved among all CA isozymes. 
Conserved aromatic residues Phe93, Phe95, and Trp97, make up another hydrophobic 
pocket covering two residues that coordinate to zinc (His94 and His96). Mutagenesis 
studies suggest that these intramolecular interactions are important for orienting the 
primary zinc binding histidines in favor of a tetrahedral geometry.26 
In HCA II, the tetrahedral zinc coordination polyhedron is optimized to provide 
catalytically active Zn2+-hydroxide at neural pH, and in turn this zinc-bound hydroxide 
serves as the nuclephile for catalysis of CO2 hydration.27 The role Zn2+ plays in the 
protein is not only electrostatic stabilizing the negatively-charged transition state leading 
to bicarbonate formation; but also decreasing pKa of its bound water molecule. The pKa
of the zinc-bound water (pKa(CA-Zn2+-OH2+))is believed to be 6.8 for HCA II, which 
was established by the pH-dependence study of CA catalytic activity.22 Since the zinc-
bound water donates a hydrogen bond to the hydroxyl side chain of Thr199, the second 
shell residue Thr199 also has a significant influence on the value of this pKa.28 This 









nucleophilic attack on CO2, and the mutation of Thr199 to Ala will increase the pKa value 
approximate 2 units and reduce the reactivity by about 100-fold.28,29 
Figure 1.1 Schematic representation of secondary structure of HCA II 
Ten β-strands and seven α-helix are labeled as shown. Zinc atom is shown as gray sphere. 








The zinc-binding site of HCA II is an outstanding system to elucidate the 
relationship between structure and function in biological metal sites, since this 
metalloprotein is highly stable, easily manipulated at the genetic level, overexpressed 
well in E. coli, and readily crystallized for high resolution X-ray crystallographic 
structure determination.30 Modifications of any histidine residues that directly coordinates 
to Zn2+ reduces the catalytic efficiency, despite the fact that zinc coordination polyhedron 
usually remains in tetrahedral coordination environment.31 Replacing any one of the zinc 
bound His residues by Ala results in decreasing zinc binding affinity about 105-fold and 
reducing CO2 hydration rate about 104-fold.27 The alanine's side chain no longer binds to 
Zn2+ and an additional water molecule is recruited as a fourth metal binding ligand. It is 
concluded from these mutation studies that the three histidine ligands are optimal for 
maximizing the electrostatic stabilization of both the ground-state zinc-hydroxide and the 
negatively charged transition state, although they are not essential for catalysis.1 In 
addition, the His3Zn2+ binding site in HCA II serves as a good model for rational protein 
design of novel metal binding sites that can be employed to search for particular catalytic, 
regulatory, or structural functions. For example, by the substitution of His94 to Asp or 
Glu, the engineered zinc coordination polyhedron in HCA II closely resembles the 
His2Asp-Zn2+ active site in alkaline phosphatease and the His2Glu-Zn2+ active sites found 
in carboxypeptidase A and thermolysin.32 Also, mutation of His94 and His119 to Cys in 
the metal binding pocket could construct a His2Cys-Zn2+ site in the enzyme. This metal 
coordination is similar to the His2Cys-M active sites found in blue copper proteins such 
as azurin, plastocyanin, cupredoxin, and nitrate reductase.31 More interestingly, since 







fourth protein ligand binding to zinc and increases zinc affinity 200-fold. However, the 
catalytic activity of these HCA II variants is decreased by more than three orders of 
magnitude.30 In this case, the engineered carboxylate side chain displaces zinc-bound 
hydroxide leaving the zinc coordination in a tetrahedral polyhedron, but with no labile 
ligands.
Figure 1.2 Zinc active site structure of human carbonic anhydrase II 
Residues are as labeled and hydrogen bonds are indicated as red dishes lines. Image 










Wild type HCA II catalyzes the hydrolysis of CO2 to HCO3-, and releases a H+ via 
a second order rate that approaches the diffusion control limit.1 Therefore, the native 
reactivity of CA is normally measured either by detection of the released protons or by 
the consumption of CO2. Rapid mixing technologies coupled to spectrophotometry is 
widely employed to measure the rate of proton release under steady state conditions.33 
This technique typically employs a stopped-flow spectrometer where a CA solution is 
mixed with a saturated CO2 solution. The reaction produces a proton that is monitored 
with use of an indicator dye by UV-Vis spectroscopy. The indicator used in our 
laboratory is phenol red (pKa = 7.4), which changes color from red to yellow when the 
pH drops below 7.34 The change in pH results from the enzymatic activity of CA, and the 
observed turnover rate kcat reflects the rate-limiting step of proton transfer and herein 
reflects the rate of hydrolysis of CO2. Another technique that is widely used to measure 
CA activity is 18O-exchange mass spectrometry at chemical equilibrium, which is used to 
detect the CO2 conversion to HCO3- rate as well as the proton transfer.35 This method is 
based on the exchange of 18O between 12C and 13C containing species of CO2 and H218O 
release by membrane inlet mass spectrometry. Two rates for the 18O exchange catalyzed 
by CA could be obtained in this method: the first rate represents the CO2/ HCO3-
exchange at chemical equilibrium, and the second rate is the rate of release 18O labeled 
water from the active site.36 
CA is an extremely efficient catalyst. The maximal turnover rate (kcat) for the 
hydrolysis of CO2 catalyzed by HCA II is 1.4×106 s-1.1 The kinetic studies in the steady-





   
dehydration is pH dependent, whereas the Km is independent of pH.37 Analysis of the pH-
dependent profile of enzymatic reactivity of HCA II implies that there are two ionizing 
groups, both with pKa around 7, are involved in catalysis.38 One of these groups is 
identified as the zinc-bound water, which ionizes to a hydroxyl ion with pKa about 6.8. 
This catalytic site is responsible for the interconversion between CO2 and HCO3-. The 
other group is proposed to be His64. It is located between the metal center and the mouth 
of the active site cavity, and shuttles proton between the catalytic site and the buffered 
environment.38 The catalytic steady-state rates were also found to be depend on the 
chemical nature and concentration of buffer, suggesting that buffer molecules could 
interact with the proton shuttle group His64, but not with the catalytic zinc-hydroxide 
group.17 
HCA II can also catalyze the hydrolysis of a wide variety of esters and aliphatic 
aldehydes in vitro.1 Evidence suggests that a Zn2+ bound hydroxy group attacks those 
organic reactants to initiate hydrolysis.39 The most popular and convenient 
spectrophotometric method to measure the reactivity of CA is an esterase activity assay 
monitoring the CA-catalyzed hydrolysis of p-nitrophenol acetate (p-NPA). This assay is 
measured with visible spectroscopy and the change in absorption at 404 nm can be 
related to production of p-nitrophenol (ε404 = 17,300 M-1cm-1) from this reaction.40 The p-
NPA hydrolysis assay is pH dependent, which is consistent with the single ionization of 
the zinc-bound water group with maximal activity at high pH. Therefore, the pKa value of 
zinc-bound water in HCA II was conveniently determined from the pH dependence of p-







Native HCA II has a single zinc cofactor tetrahedrally coordinated in the active 
site by three histidines and a bound water molecule, with an average zinc-ligand distance 
of about 2.1 Å. The zinc ion has been shown to be readily removed from the protein 
using excess dipicolinic acid (pyridine-2,6-dicarboxylic acid, DPA) to create a pseudo-
stable metal-free form of both the bovine and HCA II.41 Using this method, more than 
97% of the Zn2+ can be removed in HCA II in less than 2 h by dialysis. The generated 
apo-form of human CA II (apoCA) has little to no hydrolytic activity, but can be readily 
remetallated with a number of transition metals, including Zn2+, where this reconstituted 
CA has similar reactivity with CO2 as the as-isolated protein. Crystallographic structural 
studies of apoCA and native CA show that the overall structure of the metal binding site 
(including mechanistically important water molecules) are nearly identical between the 
apo- and the holo-forms of CA; the removal of zinc from the active site apparently has 
little effect on either the topological fold of the enzyme or the ordered water network in 
the active site.20 However, there are some structural changes that occur upon Zn2+ 
binding to apoCA, including the ordering of the hydrophilic region of the active site 
containing the proton shuttle, His64, as well as stabilization of the side-chain residues of 
several α-helical regions on the outer surface of the enzyme. 
Among the metallo variants of HCA II, only cobalt substituted carbonic 
anhydrase retains some hydrolytic activity.42 The Co2+ variant displays about 50% of the 
activity of the native protein, and the pKa of metal bound water is measured to be 7.0. 
Hakansson et al. previously solved the crystal structures of Co2+-HCA II at pH of 6.0 and 





coordination at both pH values, similar to the native zinc enzyme. In addition, there are 
minimal changes in amino-acid backbone conformation as a result of the metal 
substitution. For this reason, it is suggested that zinc ion specificities in the active site of  
CA is directed by coordination chemistry, in which Zn2+ is favored based on its 
tetrahedral geometry over the other metals.43 However, a recent structural study of Co2+-
HCA II by Silverman et al. revealed that the metal coordination shows a pH dependence, 
from tetrahedral at pH 11 to coordination with a mixed population of both tetrahedral and 
penta-coordination at pH 8.5 to an octahedral geometry at pH 6.0 (Figure 1.3).20 
Therefore, further experiments, employed to study metal binding and the resulting metal 
coordination chemistry, are needed to investigate the coordination environment 
associated with the active site of Co2+-HCA. 
The Mn2+, Ni2+, and Cu2+ substituted CA variants show increased coordination 
number around the metal ion: Cu2+ substitution result in trigonal-bipyrimidal 
coordination, while both Ni2+ and Mn2+ coordinate octahedrally.43 These variants are 
catalytically inactivated for the hydrolysis reaction and water molecules are recruited as 
additional binding ligands. Fortunately, metal substituted CAs with novel metal cofactor 
are interesting biological models that can be used to explore how the structure 
surrounding the metal center affects the physical properties and reactivity of the metal. In 
the case of the Mn2+-HCA II variant, although hydrolytically inactive, it was shown to 
efficiently catalyze the oxidation of o-dianisidine and enantioselective epoxidation of 
olefins in the presence of hydrogen peroxide.40  In this way, the understanding of the 
structural and mechanistic features of the manganese enzyme can effectively be studied. 
In addition, the most interesting HCA II remetalled variant for structural study is the Cu2+ 
11 
 
substituted carbonic anhydrase. Unlike other transition metals, which bind one metal ion 
to one protein molecule, there are two bound copper ions per CA monomer.40 The first 
copper ion is proposed to bind the traditional metal binding site of CA, where the Cu2+ is 
coordinated with three protein-derived histidine residues, a water molecule, and a 
dioxygen moiety in trigonal-bipyramidal geometry. Interestingly, a second bound copper 
ion is coordinated to one of the conformations of His64 and His4, although the other 
structural elements, such as solvent or other protein-derived additional ligands, were not 
resolved in the crystal structure. The two copper centers are approximately 13.6 Å apart, 
separated by a solvent accessible channel in CA. These earlier studies do not focus on the 
second copper ion, since they ambiguously attributed this binding site as weak or 
adventitious binding site. In the coming chapters, a detailed copper binding study and 
structural analysis will be presented to elucidate the second copper binding site.    
Understanding the thermodynamic metal ion selectivity is essential in elucidating 
how nature recognizes and binds specific metal ions for the biological function. 
Isothermal titration calorimetry (ITC) has been recommended to be an excellent method 
capable of determining the thermodynamic properties of metal protein interactions 
directly. This highly sensitive and fairly rapid technique has been developed based on the 
simple measurement of heat associated with a given reaction. In a single ITC experiment, 
the association constant (KITC), enthalpy change (ΔHITC), and binding stoichiometry 
(nITC) can all be determined. In this study, detailed ITC analysis of transition metal ions, 
including Ni2+, Co2+, Zn2+, and Cu2+, binding to HCA II will be reported. These 
thermodynamic studies, in conjunction with the currently available X-ray 







catalysis in vivo. In addition, these studies provide insights into redesigning CA with non-
native metal sites. Guided by our calorimetry study, a type 2 (His)3Cu2+ active site was 
built in HCA II and can activate hydrogen peroxide to catalyze the oxidation of 2-
aminophenol. 
Figure 1.3 Cobalt ligand geometry of Co-HCA(II) at different pH 
This image is generated from coordinates associated with 3KOI.pdb (pH 6.0), 3KOK.pdb 





REVISITING ZINC COORDINATION IN HUMAN CARBONIC ANHYDRASE II 
Introduction
During the past decade, isothermal titration calorimetry has become a powerful 
technique to measure a variety of biological interactions. Heat exchange is present in 
essentially all physiological processes, including protein-protein interactions, metal-
protein interactions, protein-DNA/RNA interactions, as well as enzymatic reactions. ITC 
experiments are performed at constant temperature and rely on the sensitive detection of 
a heat effect upon binding.45 The ITC instrument is constructed with a syringe containing 
a ligand, which is slowly titrated into a cell containing a macromolecular solution. A 
measure of the heat pulled from the surroundings in an endothermic process or heat 
released to the surroundings in an exothermic process is related to the amount of the 
reaction that has occurred (ΔHreaction).46 Unlike optical methods, which rely on the 
presence of chromophores or fluorophores, this technique is particularly useful in 
measuring binding equilibria. The values extracted under the isothermal and isobaric 
conditions include the binding constant (K), binding stoichiometry (n), changes in free 
energy (ΔG), enthalpy (ΔH) and entropy (ΔS). 
Due to the rapid improvements in ITC instrumentation and data analysis software, 
ITC has become routinely used to quantify binding constants and thermodynamic 




instruments are able to measure heat effects as small as 0.1 μcal, thereby allowing the 
determination of binding constants as large as 108-109 with relatively small samples sizes 
and concentrations.46 A typical ITC instrument contains two cells: a sample cell and a 
reference cell, both are made of the inert synthetic alloy Hastelloy (Figure 2.1).48 The 
cells are located within an adiabatic shield and are connected by a thermocouple that is 
sensitive to relative changes in the cells’ temperatures. An automated titration syringe is 
then used to introduce a precise volume of titrant into the sample cell. As a reaction takes 
place, heat is either generated or absorbed, thus creating a transient temperature 
difference between the sample and reference cells. The difference in temperatures 
changes the heat power being supplied to the sample cell to bring the two cells back to 
the same temperature. In this study, ITC experiments were carried out on a MicroCal VP-
ITC calorimeter, unless indicated otherwise. This instrument has a nominal sample cell 
volume of 1.5 mL and uses a 250 μl titration syringe. The raw data collected from this 
instrument is plotted as a function of power (μcal/s) applied to keep the sample cell from
changing temperature versus time (Figure 2.2 A). At the end of each injection, the power 
signal should return to the baseline prior to the next injection. Injections are made until 
individual injection result in power changes consistent with only a dilution process, 
indicating that all of the binding sites in the cell are occupied. In some instances the heat 
of dilution may be large and controlled titrations are required to determine accurate 
thermodynamic values. 
The area under each peak in the raw data is integrated and normalized based on 
the titrant concentration. The integrated signal is typically described as an ITC isotherm 






heat as a function of molar ratio of the titrant to the sample in the cell, which can be fit 
and analyzed to determine the thermodynamic parameters, K, ΔH, and the number of 
binding sites (Figure 2.2 B). Typically, the slope of the isotherm is directly related to the 
equilibrium constant K, while the heat produced in the ITC experiment is linearly 
dependent on the enthalpy change ΔH.48 In order to analyze ITC data for the accurate 
determination of thermodynamic parameters, a binding model must first be assigned to 
the process (for example, one-site binding). The analysis of the isotherm is a curve fitting 
process in which a nonlinear regression procedure is used to fit a model to the 
experimental data. The best values of the fitting parameters, K, ΔH, and n, can be 
determined in this process.  






Figure 2.2 A representative ITC raw data and integrated result 
This data represents an exothermic reaction at concentrations producing a reasonable 
amount of heat and curvature. The red line is the best fit for a one-site binding model 
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There are two basic requirements for a successful ITC experiment, which will 
yield a unique and accordant fit.46 First, there should be sufficient heat change that can be 
measured for each injection. Since the heat of each injection is proportional to titrant 
concentration, titrant volume, and binding enthalpy, the ITC experiment needs to be 
performed at sufficiently high concentration to produce a measurable heat. Secondly, the 
integrated isotherm should have good curvature that can be uniquely fit. This second 
condition can be best established versus the parameter c; where c equals the total 
macromolecule concentration multiplied by the equilibrium constant (equation 2.1). 
Typically, c values between 1 and 1000, more ideally 5 < c < 500, give a good 
instrumental responses, in which a unique fit of ITC data can be obtained.49 Figure 2.3 
shows simulated ITC experiments for titrating a 1.5 mM ligand solution into a 50 μM 
protein, with K values ranging from 104 to 108. The parameters associated with this 
simulation are 3 μl injection volume for 30 injections and the enthalpy for binding is -10 
kcal/mol in each case. The curves generated in the simulation of the data where K equals 
104 (c = 0.5) are too broad for an accurate estimate of the binding constant and do not 
show saturation of the binding sites over the concentrations used. The curves simulated 
for K of 106 (c = 50) and 107 (c = 500) show excellent curvature, which emphasize the 
importance of designing ITC experiment within the appropriate c range. At higher values 
of K of 108 (c = 5000), the experiment shows a steep curvature in the isotherm. In this 
case the binding constants are not accessible directly, the value of the change in enthalpy 
for the binding reaction could be readily determined. Alternatively, large K values can be 
measured indirectly from ITC experiments by introducing a known competing ligand, 
which can effectively extend the upper limit. 
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   macromolecule 50(2.1) 
Figure 2.3 Simulated ITC thermogram of different binding constants 
Simulated results from isothermal titration calorimetry experiments showing the effect of 
different binding constants on the integrated binding heat versus molar ratio. In the 
simulation, it was assumed that 1.5 mM ligand was titrated to 50 μM protein in the cell, 
with K ranging from 104 to 108. The injection volume in simulation is 3 μl for 30 
injections and the enthalpy for binding is -10 kcal/mol in each case 
Isothermal titration calorimetry measures the total heat upon addition of titrant; 
this may include heats contributing from other chemical phenomena in addition to the 
desired interaction. In case of metal ions, many undesired reactions are often associated 
with total heat measured in an experiment, such as precipitation, hydrolysis, and redox 
reactions.51 Additionally, metal binding studies are typically performed in buffered 
aqueous solutions, and there are inevitable interactions between the metal ion and the









Cu2+ with Tris buffer where log β4=14.1 for the formula of Cu(Tris)42+.50 The heat 
associated with these interactions need to be included in the analysis of ITC data. 
Additionally, metal ions often displace protons when binding to proteins. The 
deprotonation of protein and subsequent protonation of buffer will also affect the ΔH and 
ΔG terms measured by ITC. Therefore, ITC measurements need to be done in multiple 
buffer systems with different heats of ionization to quantify the number of protons (nH+) 
involved in the metal binding event.51 
In the simple case of 1:1 binding metal (M) to protein (P) with no additional 
competing equilibria, the desired thermodynamic parameters (KMP, ΔH) can be directly 
obtained from the best fit of the data. (eq. 2.2-2.3) 
M P  ⇋  MP (2.2) 
   (2.3) 	  
Since all of the measured heat is due to the equilibrium of interest, fitting the ITC 
binding isotherm provides a value for KITC, equal to the real value of the equilibrium
constant of the metal protein interaction (KMP). 
However, competing equilibra are commonly associated with metal coordination 
chemistry, where multiple metal and protein species are present. Further analysis of KITC
is required to obtain the condition independent values of KMP, as described below. The 
choice of buffer, concentration, and pH will all affect the KITC in the experiment. In this 
example, it is assumed metal ion (M) can form a 1:1 complex with the buffer (B), and the 









simple, but useful model, when studying metal protein interactions. More complex 
situations involving additional equilibra could be analyzed by extension of this analysis.  
There are two competing equilibria that should be considered when studying 
metal-protein interaction in a buffered aqueous solution. The first consideration is buffer 
competing with the protein for the metal ion. This competition could be quantified by 
knowing the exact values of stability constants (KMB) and formation enthalpy (ΔHMB) of 
metal-buffer complexes (MB). Most values for common metal-buffer complexes are 
available from the NIST database, however, many still need to be determined.50 
Therefore, the distribution of metal species in buffered solution is shown. (eq. 2.4-2.9) 
M B  ⇋  MB (2.4) 
   (2.5) 
The total concentration of metal species before titration is [M]total, and can be 
assumed to be equivalent to the concentration of free metal ion and buffer bound metal 
ion at equilibrium.  
M   M  MB  (2.6) 
Assuming x is the distribution coefficient of the [MB] species, where 
MB   M  (2.7) 
Eq. 2.7 can be rearranged to generate eq. 2.8 
M  1    M  (2.8) 













The second consideration is proton competing with the metal for the protein. To 
elucidate these equilibria, understanding the information about the location of metal 
binding site in protein, the equilibrium constant of protonation of the protein KHP and 
enthalpy of protein protonation heat (ΔHHP) is needed. From this information, it is 
possible to establish the distribution of protein species by equation 2.10-2.15. 
P H  ⇋ HP  (2.10) 
   (2.11)  
The total concentration of protein species before titration is [P]total, and can be 
assumed to be equivalent to the concentration of deprotonated protein and protonated 
protein species at equilibrium. 
P   P  HP  (2.12) 
Assuming y is the distribution coefficient of the [HP+] species, where 
(2.13)HP   P  
Eq. 2.13 can be rearranged to generate eq. 2.14. 
P  1    P  (2.14) 
Given equation 2.11, then the following expression can be formed:
  (2.15)
	  














1 x M	  	xMB	  1 y P	  yHP 	⇋ 	MP	  yHB  	 x y B (2.16) 
Given that the ITC experiment measures the overall equilibrium in equation 2.16, 
the observed equilibrium constant KITC is now written as equitation 2.17.47 
  (2.17)
 
Since the following expressions can be learned for [M]total and [P]total: 
	 M   	 	 M 1   B 	 (2.18) 
	P  	  	 	 P 1   H  (2.19) 









Equation 2.20 leads to the calculation of a condition independent value of KMP
(eq. 2.21). 
 1  B 1  H  (2.21) 
KITC is the best fit value of the ITC isotherm. This expression indicates that the 
experimental binding constant KITC is affected by the concentrations of competing species 
including protons and buffers, and by the magnitudes of equilibria involving these 




                         
                       
                         





The condition-independent binding enthalpy can also be determined in a similar 
manner. Again, considering equation 2.16 is the overall equation, it is composed of a
number of intermediate steps. (eq. 2.22-2.25)  
Coeff. 
M  P  ⇋  MP  1 ΔHMP  (2.22) 
MB ⇋ M  B x -ΔHMB  (2.23) 
HP  ⇋ P   H  y - ΔHHP (2.24) 
B H  ⇋ HB  y ΔHHB  (2.25) 
ΔHHB is the enthalpy of buffer protonation heat. According to Hess’s law, the 
enthalpy values are additive, which then allows for the overall enthalpy of the reaction, 
ΔHITC, can be written as equation 2.26. 
ΔH  ΔH  	  xΔH  	  yΔH  ΔH  (2.26) 
In this way, the condition independent enthalpy of binding (ΔHMP) is determined. 
Further analysis regarding the change in free energy (ΔGMP) and entropy (ΔSMP) of the 
metal binding to protein is straightforward, as shown in equations 2.27-2.28. 
ΔG  RTln  (2.27) 
ΔG  ΔH  TΔS  (2.28) 
Using the above mathematical analysis, the notion is concluded that ITC is a 
useful technique to quantify the thermodynamics of metal ion binding to proteins. ITC is 
especially attractive to directly study the binding chemistry of Zn2+, a d10 transform metal
ion that is usually spectroscopically silent. Carbonic anhydrase is a zinc-dependent 





ion (HCO3-).1 In this system, the tetrahedral zinc center is coordinated with three protein-
derived histidine residues (His94, His96, and His119) and a labile water molecule. The 
zinc ion has been shown to be readily removed from the protein using excess DPA 
(dipicolinic acid or pyridine-2,6-dicarboxylic acid) to create a pseudostable metal-free 
form of both the bovine and human CA II.40,26 This apo-form of human CA II (apoCA, 
CA where Zn2+ ion has been removed) has little to no hydrolytic activity, but can be 
readily remetallated with a number of transition metals, including Zn2+, where this 
reconstituted CA (rCA, reconstituted CA by adding Zn2+ into apoCA) has similar 
reactivity with CO2 as the as-isolated protein. The association constant for zinc binding 
has been estimated using equilibrium dialysis techniques by Fierke and co-workers to be 
on the order of 1.2 × 1012,52 and the heat of metal binding has been previously 
measured.53 However, over the past decade, there have been major advances in our 
understanding of the complex equilibria associated with zinc binding.54 This new insight 
has allowed us to generate better thermodynamic models that more accurately fit the 
complex data associated with zinc binding to proteins. Herein, we report new reactivity 
studies and thermochemical data that suggest the equilibrium constant for zinc binding to 
CA is approximately 3 orders of magnitude lower than previously reported. These 
thermodynamic parameters associated with zinc binding are calculated based upon a 
detailed and thorough thermochemical analysis of the zinc binding chemistry of carbonic 
anhydrase. Additionally, the zinc binding site of the reconstituted CA was structurally 
interrogated using X-ray absorption techniques to ensure the reconstituted zinc binding 




Materials and Methods 
Reagents and buffers were of the highest grade commercially available and were 
used as received. All solutions and media were prepared using 18 MΩ water purified by a 
Millipore ultrapurification system (Millipore, MA, USA).  
The plasmid encoding human carbonic anhydrase II (pACA) was kindly provided 
to our group by C. Fierke. This vector was transformed into E. coli BL21(DE3) cells 
(Agilent Technologies, Santa Clara, CA, USA). All E. coli cultures containing this 
plasmid were grown with shaking at 37 °C in LB media containing 100 mg/L ampicillin. 
When cultures reached OD600 ~ 0.6, these cultures were induced with 100 mg/L IPTG 
(isopropyl β-D-1-thiogalactopyranoside), and allowed to grow for another 4h. The E. coli
cells containing carbonic anhydrase (CA) were collected and stored at −80 °C. CA-
containing cells were thawed and then lysed in 50 mM Tris buffer (pH 7.0), and the cell 
extract was concentrated in an Amicon stirred cell with a YM10 membrane. Cell extract 
was loaded onto a DEAE-Sephacel ion-exchange column (GE Healthcare), and fractions 
were separated using a 500 mM sodium chloride linear gradient. Fractions showing good 
activity (cf. esterase activity measurements) were concentrated again as described above 
and loaded on to a UNOsphereQ Strong anion exchange column (BIO-RAD). Once 
again, a 500 mM sodium chloride linear gradient was used to separate different biological 
molecules. Active fractions were concentrated and loaded onto a Sephacryl S-200 size 
exclusion column (GE Healthcare), which was subjected to an isocratic flow of 50 mM 
Tris (pH 7.0) buffer with 200 mM sodium chloride. Active fractions that displayed a 
single band by SDS-PAGE were judged to be pure carbonic anhydrase. The 




1).55,56 Preparation of apoCA was performed as follows: CA was first dialyzed overnight 
against 1 L of 20 mM ACES containing 50 mM dipicolinate acid (pH 7.0), as described 
previously to generate apoCA.41 Extra dipicolinate acid was removed by dialyzing the 
apoCA versus 2 liter of 20 mM Tris (pH 7.0) buffer, then by chromatography onto 
Sephacryl S-200 sizing exclusion column. The concentration of apoCA was determined 
by UV absorption at 280 nm (ε280 = 54,000 M-1cm-1).57 
p-Nitrophenyl acetate (pNPA) hydrolysis assays were performed as previously 
described with some modification.40 All assays were performed in 50 mM BES buffer at 
pH 7.0. A 20 μL amount of a 20 mM pNPA/acetonitrile was added to 1 mL of buffer in a 
disposable cuvette. Up to 20 μL of a protein solution was then mixed into the cuvette, and 
absorption at 404 nm was monitored for 60 sec. Activity was calculated based on 
conversion of pNPA to p-nitrophenol (ε404 = 17,300 M−1cm−1) and acetate and 
normalized based assay volumes. 
Isothermal titration calorimetry experiments were carried out at 25°C, unless 
indicated otherwise, on a MicroCal VP-ITC calorimeter. Samples were buffered at pH 
7.4 with 100 mM ACES. A typical experiment consisted of 60 μM apoCA titrated with 
1.73 mM Zn(NO3)2. All solutions were generated with exactly matched buffers and 
degassed under vacuum prior to running the experiments. Protein concentrations were 
calculated from known molar absorptivities of both apoCA and native CA. 
ITC data were fitted with the Origin software package provided by MicroCal and 
an ITC calorimetry software packaged developed at Mississippi State University, which 
uses nonlinear least-squares algorithms (minimization of χ2) and the concentrations of the 





equilibrium binding model.58 These fitting programs provide good data simulation and 
the best-fit values for the stoichiometry (nITC), change in enthalpy (ΔHITC), and 
association constant (KITC). Comparison of the goodness of fit with different models was 
based on the calculated χ2 value. Three or more good data sets were collected for each 
type of titration, and the best-fit values were averaged and reported. All ITC data that are 
presented herein are shown as the baseline-adjusted raw data and the peak integrated, 
concentration-normalized heat of reaction versus the molar ratio of metal ion to protein. 
The free energy change for the overall equilibrium of each ITC titration, ΔGITC, was 
determined from the equilibrium constant obtained for the best fit of the experimental 
data, KITC. 
X-ray absorption spectroscopy data was collected at beamline X3B of the 
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. A 
sagitally focusing Si(111) double crystal monochromator was used for energy selection, 
with a nickel-coated mirror downstream of the monochromator providing harmonic 
rejection. Zn-K edge XAS spectra were collected in fluorescence mode over an energy 
range of 9479 – 10358 eV, using a 31 element Canberra Ge detector. Samples were 
maintained at a temperature of 20 K under vacuum using a helium Displex cryostat. For 
internal energy calibration, a zinc foil spectrum was collected concomitantly and its first 
inflection point was set to 9659 eV. 
Two samples (as-isolated carbonic anhydrase: 2.5 mM in 10 mM ACES with 30% 
glycerol, and reconstituted carbonic anhydrase: 3.0 mM in 10 mM ACES with 30% 
glycerol) were transferred to Lucite cuvettes covered with Kapton tape as an X-ray 










collected and averaged for the as-isolated sample, and six scans for the reconstituted 
sample. Examination of individual scans, averaging, and extraction of the χ(k) EXAFS 
(extended X-ray absorption fine structure) was carried out using EXAFSPAK.59 
Specifically, a Gaussian function was fitted to the curved pre-edge background (9479-
9635 eV) and this function was subtracted from the entire spectrum to remove 
background absorption. A 3-segment spline function having fourth order components was 
fit to the background subtracted data (9630-10363 eV) to extract χ (k). EXAFS analysis 
was carried out using the opt program of EXAFSPAK. Theoretical scattering paths were 
built from the coordinates of a model of the active site of human CA extracted from the 
crystal structure coordinates (2CBA.pdb), with ab initio phase and amplitude parameters 
for these paths calculated using FEFF 6.60 Coordination numbers (n) were varied in 
integer steps, while the pathlengths (r) and Debye-Waller factors (σ2) were allowed to
freely float. Coordinated His ligands were simulated using a rigid body approximation,61 
in which the pathlengths of single- and multiple-scattering paths were constrained to a
constant difference from one another. The scale factor was fixed at 0.9 in all fits. E0, the 
point at which k = 0 Å-1, was defined as 9670 eV, and the edge shift parameter ΔE0 was 
allowed to float as a single common value for all shells. Fits to Fourier-filtered first-shell 
EXAFS data used the goodness-of-fit parameter F', defined as F' = [Σ (χexptl- χcalc)2]2 / 
(NIDP – NVAR), where NVAR is the number of floated variables in the fit, while NIDP is the 
number of independent data points and is defined as NIDP = 2ΔkΔr/π. In the latter 
equation, Δk is the k-range over which the data is fit, while Δr is the back-transformation 
range employed in fitting Fourier-filtered data. F' provides a useful assessment of the









also used to assess appropriateness of a given first-shell fit. The BVS was calculated 
using Σ(exp[(r0 – r)/0.37]), where r0 is an empirically derived parameter for a given pair 
of atoms (r0 = 1.776 for Zn2+–N and 1.704 for Zn2+–O) and r is the actual bond 
length.63,64 For fits to unfiltered EXAFS data, the goodness of fit F factor was defined as 
2]1/2[Σk6(χexptl- χcalc)2/Σk6χexptl . 
Results and Discussion
Catalytic hydrolysis of CO2 is challenging to monitor effectively in vitro, so as an 
alternative activity assay for carbonic anhydrase reactivity, hydrolysis of p-nitrophenyl 
acetate (pNPA) to p-nitrophenol (pNP) and acetic acid can be used to measure relative 
reactivity of carbonic anhydrases (CA) with visible spectroscopy.40,57 The change in 
absorption at 404 nm can be related to production of p-nitrophenol (pNP) from this
reaction. The as-isolated CA hydrolyzes pNPA to pNP at a rate of 17.9 ± 0.1 mol
substrate/min/mol enzyme over background hydrolysis in 50 mM BES at pH 7.0. The 
apoCA has less than 4% of the reactivity of the as-isolated CA, which is consistent with 
only a small portion of the apoCA retaining a hydrolytically active metal. By adding a
stoichiometric equivalent of Zn2+ to apoCA, we are able to fully reconstitute an active 
form of CA. This reconstituted CA hydrolyzes pNPA at a rate of 17.8 ± 0.6 mol
substrate/min/mol enzyme, which suggests the enzymatic reactivity is equal within 
reported error boundaries. This data strongly supports the notion that the Zn2+ ion can be 
both effectively removed and reincorporated into the active site of CA.  
As expected, when reconstituted CA is re-exposed to the zinc chelator dipicolinic 
acid (DPA), the zinc-dependent hydrolytic activity is lost. The fraction of catalytically 















established as shown in Figure 2.4. Approximately 40 equivalents of DPA are required to 
reduce CA hydrolytic activity by 50%, and nearly all reactivity is lost from reconstituted 
CA when 200 equivalents of DPA are incubated with the protein (Note: Zn−DPA 
complexes have no measurable hydrolytic activity in the pNPA assay). Both Kidani and 
co-workers and Pocker and co-workers reported similar analyses of inactivation of 
bovine CA using DPA.65,66 Association constants for Zn2+ can be estimated based on a 
two competing equilibrium model for DPA−zinc chelation and CA inactivation of
carbonic anhydrase as shown in equations 2.29 and 2.30. Note the formation constants for 
Zn2+ binding to DPA, logK1DPA = 6.35 and logK2DPA = 5.53.67 
ZnCA  	DPA  	ZnDPA  apoCA (2.29) 
ZnDPA	  DPA	  	Zn DPA  (2.30) 
Combining equations 2.29 and 2.30 produces a more generalized expression 
describing the metal chelation equilibria (eq 2.31), which in turn yields a mathematical 
relationship connecting Keq with the KD term and the concentrations of ZnCA, apoCA, 
Zn-(DPA)2, and DPA at equilibrium (eq 2.32). 
ZnCA  	2DPA	  	 Zn DPA   	  apoCA (2.31) 
  ∗  	 
  (2.32)
 
If we define the fraction of active enzyme at equilibrium as a function of the 
initial enzyme concentration of the holoenyzme ZnCA divided by the total enzyme







 	   (2.33)
  
and consider [DPA]0 ≫ [ZnCA]0 and assume free [Zn2+] is considered negligible, then it 
is fair to estimate [Zn(DPA)2]eq = [apoCA]eq and that [DPA]eq = [DPA]0, which allows a 
mathematical expression for Keq that can be generated with only [CA]0 and [DPA]0 terms 
(eq 2.34). 
 
  (2.34) 	 
 
  
The data associated with DPA inactivation was plotted as the fraction of active 
enzyme versus equivalent of DPA in Figure 2-4. A curve can be fit to the data in this 
figure using equation 2.34, which allows us to calculate a Keq = 280 for this process. 
Combining equation 2.32 and 2.34, we can estimate that the association constant (Ka) of 
Zn2+ for apoCA is 2.7 × 109. This estimated value for Ka is 3 orders of magnitude lower 
than the values generated from equilibrium dialysis methods.26,52 However, this simple 
model associated with metal chelation may neglect a number of related equilibria that 
could lead to erroneous estimation of the equilibrium constant associated with Zn2+ 




 Figure 2.4 Inactivation of ZnCA after incubation with chelator DPA 
Fraction of active enzyme in each trial is calculated using the rate of ZnCA catalyzed 
hydrolysis of p-nitrophenylacetate (pNPA) in various concentrations of DPA. The 
catalytic rate of each trial then was normalized with the uninhibited hydrolysis (i.e. the 
same as [ZnCA]0 with 0 equivalents of DPA). All values reported are averages of at 
minimum 3 trials and error values are derived from standard deviation. Reactivity was 
monitored by measuring formation of p-nitrophenol (ε404 = 17,300 M-1cm-1). All trials 
done in the presence of dipicolinic acid (DPA) were completed after a 24 hour incubation 
period at room temperature to insure all solutions achieved equilibrium. Regression line 
is derived from equation 2.34. 
Therefore, we also collected data on the metal binding equilibrium associated 
with coordinating Zn2+ to apoCA using isothermal titration calorimetry (ITC). In a single 
ITC experiment the association constant (KITC), enthalpy change (ΔHITC), and binding 
stoichiometry (nITC) can all be determined. Specifically, the shape of the isotherm gives 
rise to the equilibrium constant associated with the complex metal binding equilibria 
between the complex ion species formed between the zinc cation and the buffer with the 






to apoCA in ACES buffer and the associated integrated data and a one-site binding model 
fit are shown in Figure 2.5. 
Although the goal of this project is to measure the thermodynamic values of Zn2+ 
binding to apoCA, the equilibria measured in the ITC are better described as a series of
competitive Zn2+ binding equilibria. Data collected in ACES can be simply fit using a 
one-site binding model (Figure 2.5); however, serious metal dilution issues are observed 
in other buffers, which require a more sophisticated analysis. Initially we described these 
curves as multiple binding events.48 However, these isotherms can be better described as 
single-site binding events with a number of complicating dilution equilibria. An 
illustrative case is the data collected in 100 mM PIPES at pH 7.4, shown in Figure 2.6.
Initially this unique curve shape was assigned to two Zn2+ binding sites associated with 
CA, where the second binding site was described as an adventitious metal binding site. 
The curvature of this endothermic portion of the raw data was actually the result of 
metal-dilution heat, although the origin of this endothermic dilution process is still 
unclear. The shape of the integrated raw isotherm (Figure 2.6, blue trace) past the 
equivalence point can be corrected using heats associated with the background titration of 
Zn(NO3)2 into PIPES buffer under the same condition (Figure 2.6, red trace). The heat of 
dilution in the presence of reconstituted CA appears to be more endothermic than in the 
control reactions. Subtraction of the Zn2+−buffer titration data from the overall integrated 
raw data affords baseline-corrected data (Figure 2.6, black trace) consistent with a one-
site binding event. This analysis is further supported by a complementary experiment 
where the reverse titration was performed. ApoCA was titrated into Zn(NO3)2 under the 




ITC cell is high, and we observe a large endothermic dilution heat when aliquots of 
protein are delivered. However, once the metal concentration nears the equivalence point 
the endothermic process becomes negligible, which also allows us to measure a similar 
stability constant (KITC) and enthalpy of binding (ΔHITC) for the forward titration in 
PIPES buffer, thus proving the validity of our analysis. Indeed, we were unable to 
identify the chemical event generating the endothermic background heats as 
corresponding to the data collected in PIPES or ACES buffers. However, we attribute this 
heat to adventitious metal interactions with both buffer and protein. We applied a similar 
analysis methodology to the data collected in MOPS and Tris buffers (Figures 2.8 and 
2.9). The ITC data collected in MOPS buffer are very similar to the PIPES data, although 
a smaller metal dilution heat is observed after the metal binding site is fully occupied. 
Conversely, the metal dilution heat is very exothermic in Tris buffer, while the shape of 
the curve is clearly that of a single-site binding model. Similar dilution effects were also 
observed in metal binding studies described by Wilcox and co-workers.68 The average 
thermodynamic parameters (KITC and ΔHITC) associated with parallel ITC experiments 
done in at least triplicate for this complex equilibrium were collected in a series of 
buffers and are reported in Table 2.1. Additionally, the change in free energy, ΔGITC, and 
change in entropy, ΔSITC, associated with the complex equilibria of metal binding were 
calculated using the following equations: ΔGITC = −RT ln KITC and ΔGITC = ΔHITC −







Figure 2.5 ITC data of zinc binding to apoCA in 100 mM ACES buffer, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 60 μM apo-CA was titrated
with 30 x 3 µL of 1.73 mM Zn(NO3)2 in 100 mM ACES at pH 7.4. (B) Integrated 
isotherm and the best associated fit for a one-site binding model. The average 








Figure 2.6 ITC data of zinc binding to apoCA in 100 mM PIPES buffer, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 80 μM apo-CA was titrated
with 35 x 3 µL of 2.26 mM Zn(NO3)2 in 100 mM PIPES at pH 7.4. (B) Blue: integrated 
raw data. Red: Integrated Zn2+-buffer background titration. Black: Corrected Zn2+ 
binding isotherm and the best associated fit for a one-site binding model. The average 








Figure 2.7 Reverse ITC data of apoCA binding to Zinc in 100 mM PIPES buffer, pH 
7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 33 μM Zn(NO3)2 was titrated 
with 33 x 6 µL of 540 µM apoCA in 100 mM PIPES at pH 7.4. (B) Zn2+ binding 
isotherm and the best associated fit for a one-site binding model. nITC = 1.1, KITC = 5.0 × 






Figure 2.8 ITC data of zinc binding to apoCA in 100 mM MOPS buffer, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 80 μM apo-CA was titrated
with 35 x 3 µL of 1.85 mM Zn(NO3)2 in 100 mM MOPS at pH 7.4. (B) Integrated 
isotherm and the best associated fit for a one-site binding model. The average 










Figure 2.9 ITC data of zinc binding to apoCA in 100 mM MOPS buffer, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 70 μM apo-CA was titrated
with 25 x 3 µL of 2.26 mM Zn(NO3)2 in 100 mM Tris at pH 7.4. (B) Integrated isotherm
and the best associated fit for a one-site binding model. The average thermodynamic 











Buffer nITC  KITC (kcal/mol) (kcal/mol) (kcal/mol) 
PIPES 0.97 3.3 (±0.3)×106 -7.2 ± 0.1 -8.9 ± 0.1 -1.7 ± 0.1 
MOPS 1.03 2.2 (±0.3)×106 -8.1 ± 0.1 -8.6 ± 0.1 -0.6 ± 0.0 
ACES 1.02 1.1 (±0.1)×106 -7.4 ± 0.0 -8.2 ± 0.0 -0.8 ± 0.0 






Table 2.1 Best fit values for Zn2+ binding to apoCA from ITC experiments 
From the Zn2+ binding data in a range of buffers, we can unambiguously state that 
upon binding metal apoCA loses proton density. This notion is evident from the linear 
dependence of the addition of observed enthalpy from ITC and metal−buffer interaction 
enthalpy (ΔHITC + ΔHZn‑Buffer) versus the change in enthalpy of ionization for each buffer 
(ΔHH‑Buffer) as shown in Figure 2.10. This linear relationship can be fit by equation 2.35, 
where ΔHH−Buffer, ΔHZn−Buffer, ΔHH−CA, and ΔHZnCA are heats associated with proton and 
metal binding to the buffer and apoCA and nP is the number of protons released.69 
ΔH 	ΔH 	n ΔH  ΔH 	n ΔH  (2.35) 
By performing our reactions in 100 mM buffer and at pH 7.4, the thermodynamic 
parameters and speciation of zinc ions in solution are known and favor a well-studied 
buffer−zinc complex formation.68 In addition, the high concentration of buffer allows for 
only a slight reduction in the buffering capacity from buffer−zinc complex formation 
while still maintaining a set pH. As a result, the slope of this curve suggests ∼0.9 protons 
are displaced by Zn2+ binding at pH 7.4, and the y intercept of this plot, −3.9 kcal/mol, is 
the enthalpy of Zn2+ coordination (ΔHZnCA) to apoCA minus the protonation enthalpy 












Figure 2.10 Protons release from apoCA upon Zn2+ binding 
Plot of the addition of observed enthalpy from ITC and metal-buffer interaction enthalpy 
(ΔHITC + ∆HZn-Buffer) versus buffer ionization enthalpies (∆HH-Buffer) in various buffers at 
pH 7.4. Values for ΔHITC, ∆HZn-Buffer and ∆HH-Buffer in various buffers are listed in Table 
2.1 and Table 2.2. Linear regression values: y = 0.92 x – 3.92. R2 = 0.99 




(kcal/mol) logK1,ZnBuff logβ2,Zn-Buff 
∆HZn-Buff 
(kcal/mol) 
PIPES 6.93 -2.78 3.07 0.46 
MOPS 7.18 -5.01 3.22 -0.09 
ACES 6.79 -9.34 2.34 3.74 -5.18 
Tris 8.10 -11.36 2.27 -2.02 
Values are determined from reference 68 under conditions of 25°C, µ=0.1, pH 7.4, and 
100 mM concentration 
Furthermore, the buffer- and pH-independent thermodynamic values of zinc 




developed by Wilcox and co-workers.68 The equilibria measured in the ITC are a 
summation of the dissociation of the buffer−Zn2+ complex and the association of Zn2+ to 
the apoCA. We developed a model for this complex equilibrium involving four simple
equilibria (Table 2.3). (1) The equilibrium associated with Zn2+ release from a complex 
ion species formed with PIPES buffer, which has been previously investigated and 
thermodynamic terms reported.68 (2) Zinc binding to apoCA will result in decreasing the 
pKa of the zinc-bound water to 6.8 in the ZnCA complex and releasing protons to 
generate a zinc−hydroxide active site.1,53 (3) The protons released from CA will interact 
with buffer, and the thermodynamic terms of various buffers are well known (Table 
2.2).50 (4) Finally, using the data collected from the complex equilibrium and the three 
previously described simpler equilibria we can estimate the thermodynamic parameters 
associated with Zn2+ binding to apoCA, which we calculate to be ΔHZnCA = −16.4 ± 0.1 
kcal/mol and ΔGZnCA = −12.9 ± 0.1 kcal/mol in PIPES buffer. The heat of deprotonation 
of histidine is notably missing from this model. This is due to the fact that the pKa values 
associated with the zinc-bound histidines, His94, His96, and His119, have been shown to 
be less than 6 in apoCA, suggesting that little to no deprotonation of these resiudes will 
occur during Zn2+ binding to apoCA.53,70 The pKa of the zinc-bound water in CA is 
determined to be 6.8, which suggests that as the metal site is formed in CA approximately 
0.8 protons would be released at pH 7.4. This notion is in excellent agreement with our 
experimentally determined value of 0.9 protons. Similar thermodynamic models can be 
applied to the other buffer systems studied, which are detailed in the Table 2.4 and 2.5. 
Since the experimental pH is significantly lower than the pKa of Tris, we estimate only 






   




eq reaction coeff (kcal/mol) (kcal/mol) 
Zn(PIPES)2+ + (H+)0.9-CA  → Zn-CA2+ + 0.9 
H+PIPES + 0.1 PIPES -7.2a -8.9a 
1 Zn(PIPES)2+ → Zn2+ + PIPES 1 -0.46b 4.18b 
2 H+-CA → H+ + CAc 0.9 13.50d 9.27e 
3 PIPES + H+ → H+PIPES 0.9 -2.78b -9.45b 




   
 




eq reaction coeff (kcal/mol) (kcal/mol) 
0.33 Zn(ACES)2+ + 0.66 Zn(ACES)22+ + (H+)0.9-CA 
→ Zn-CA2+ + 0.9 H+ACES + 0.75 ACES -7.4a -8.2a 
1 Zn(ACES)2+ → Zn2+ + ACES 0.33 3.14b 3.19b 
2 Zn(ACES)22+ → Zn2+ + 2ACES 0.66 6.28b 5.10b 
3 H+-CA → H+ + CA c 0.9 13.50d 9.27e 
4 ACES + H+ → H+ACES 0.9 -9.34b -9.26b 
5 Zn2+ + CA → ZnCA2+ 1 -16.4 -12.6 
 
equilibrium too complex to interpret with our current data set and therefore does not 
allow us to derive a reasonable stability constant in Tris.
Table 2.3 Thermodynamic cycle for Zn2+ binding to apoCA in 100 mM PIPES, pH 7.4 
a From Table 2.1. b From Table 2.2. c The reaction actually written as: (His)3Zn-H2O →
(His)3Zn-OH- + H+, explanation see text. d ref 50. e pKa of zinc bound water is 6.8, ref 1. 
∆G° = -RTln(Ka) 
Table 2.4 Thermodynamic cycle for Zn2+ binding to apoCA in 100 mM ACES, pH 7.4 
a From Table 2.1. b From Table 2.2. c The reaction actually written as: (His)3Zn-H2O →
(His)3Zn-OH- + H+, explanation see text. d ref 50. e pKa of zinc bound water is 6.8, ref 1. 





   




eq reaction coeff (kcal/mol) (kcal/mol) 
Zn(MOPS)2+ + (H+)0.9-CA  → Zn-CA2+ + 0.9 
H+MOPS + 0.1 MOPS -8.1a -8.6a 
1 Zn(MOPS)2+ → Zn2+ + MOPS 1 0.09b 4.39b 
2 H+-CA → H+ + CA c 0.9 13.50d 9.27e 
3 MOPS + H+ → H+MOPS 0.9 -5.01b -9.79b 





Table 2.5 Thermodynamic cycle for Zn2+ binding to apoCA in 100 mM MOPS, pH 7.4 
a From Table 2.1. b From Table 2.2. c The reaction actually written as: (His)3Zn-H2O →
(His)3Zn-OH- + H+, explanation see text. d ref 50. e pKa of zinc bound water is 6.8, ref 1. 
∆G° = -RTln(Ka) 
Thermodynamic parameters calculated from titrations of Zn2+ into apoCA in 
various buffers are fully consistent with one another (Table 2.6). The average pH- and
buffer-independent association constant (Ka) of Zn2+ for apoCA is 2.2 × 109, which is 
consistent with the value estimated from the reactivity study presented earlier. This 
equilibrium constant (or Kd ≈ 0.5×10-9) suggests CA has a relatively high affinity for 
Zn2+, which is consistent with our expectations for the native metal ion binding affinity 
associated with an essential metalloenzyme. The average change in enthalpy of binding is 
calculated to be −16.2 kcal/mol, and the change in entropy is estimated to be −10.2 
cal/mol/K (where −TΔS = 3.5 kcal/mol). According to the analysis, Zn2+ binding to 
carbonic anhydrase is primarily an enthalpy-driven process. The enthalpy value reported 
here is consistent with formation of three Zn2+−His bonds, where the ΔH° for zinc 
binding to a histidine imidazole is approximately −5 kcal/mol.54 The unfavorable entropy 
term measured for Zn2+ binding to apoCA is slightly more difficult to interpret. The 










∆H ∆G -T∆S 
Buffer K (kcal/mol) (kcal/mol) (kcal/mol) 
PIPES 2.9 (±0.3)×109 -16.4 ± 0.1 -12.9 ± 0.1 3.5 ± 0.1 
MOPS 1.7 (±0.2)×109 -15.8 ± 0.1 -12.6 ± 0.1 3.2 ± 0.1 
ACES 1.9 (±0.1)×109 -16.4 ± 0.1 -12.6 ± 0.1 3.7 ± 0.1 
Average 2.2 × 109 -16.2 -12.7 3.5 
molecules) is nearly identical between the apo- and the holo-forms of CA.20 However, 
there are some structural changes that occur upon Zn2+ binding to apoCA, including the 
ordering of the hydrophilic region of the active site containing the proton shuttle, His64, 
as well as stabilization of the side-chain residues of several α-helical regions on the outer 
surface of the enzyme. These structural events could partially account for the unfavorable 
entropy term associated with our metal binding data. In general, the thermodynamic 
parameters reported here are significantly different from those reported by DiTusa et al.53 
However, it should be noted that the ITC data reported in this 2001 paper seems to be 
highly consistent with our data. Unfortunately, at that time, a more in-depth analysis of
the complex equilibria associated with Zn2+ binding was not plausible due to the fact that 
many of the supporting metal−buffer equilibria were uncharacterized. 
Table 2.6 Summary of pH- and buffer-independent thermodynamic values for Zn2+ 
binding to apoCA 
The reactivity and calorimetry data reported above strongly support the notion 
that we reconstituted the Zn-dependent active site of CA. However, to demonstrate that 
we rebuilt the Zn center correctly in reconstituted CA, we obtained X-ray absorption 
spectroscopy data on both the as-isolated and the reconstituted CAs. XANES (X-ray 





Figure 2.11 a, are nearly superimposable, indicating that both enzyme preparations have 
nearly identical Zn2+ sites. The shape and intensity of the edges are consistent with a 4−5 
coordinate N/O-rich Zn2+ site71,72 and are quite similar to the XANES spectra previously 
reported for other ZnCAs containing a (NHis)3O−Zn2+ active site.73,74 Further evidence for 
very similar Zn2+ sites in both the as-isolated and the reconstituted forms of CA comes 
from the near identity of the k3χ(k) EXAFS data and the Fourier transforms for both 
samples (Figure 2.11 b and c). We carried out a quantitative fitting analysis of the 
EXAFS for both as-isolated and reconstituted ZnCA using the coordinates of the Zn2+ 
site in the crystal structure of CA (2CBA.pdb) as a starting point. In both cases, the first 
coordination sphere can be satisfactorily fit to 4−5 N/O ligands at an average distance of 
1.98 Å (Table 2.7). We favor fits with 4 N/O ligands on the basis of bond-valence sum 
calculations. Splitting this single shell into two subshells with 3−4 Zn−N/O scatterers at 
approximately 2.01 Å and 1−2 Zn−O/N scatterers at ca. 1.90 Å afforded moderate 
improvements in fit quality. However, the difference in bond lengths was slightly smaller 
than allowed by the 0.14 Å resolution of the data, and the σ2 disorder parameters factors 
for both shells were often implausibly small or even negative, indicating that two-shell 
fits cannot be justified with the available EXAFS data. EXAFS data for both samples also 
shows evidence for the presence of rigid imidazoles, based on the double-humped feature 
present at k ≈ 3−4 Å−1 in the k3-weighted EXAFS as well as the shape of the outer-shell 
features in the FT from r' = 2.4 to 4.0 Å (Figure 2.11 d and e). Multiple-scattering 
analysis of these features shows that they are best fit by contributions from 3 
symmetrically bound His ligands (Table 2.8, 2.9 and 2.10), thus providing a basis for 




reconstituted and as-isolated human ZnCA consists of 3 nitrogen ligands from histidine 
and most likely a solvent-derived oxygen atom bound to the Zn2+ ion as water/hydroxide. 
Our EXAFS fitting results are in good agreement with structural parameters for 
human ZnCA obtained via X-ray crystallography. We note that the average bond length 
obtained via EXAFS is some 0.1 Å less than those reported in the crystal structure. This 
difference can be attributed to several possible factors, including the intrinsic 0.1−0.2 Å 
error for metal−ligand bond lengths determined by macromolecular crystallography 
(EXAFS-derived bond lengths are typically accurate to ±0.02 Å),62 packing effects in the 
crystallized protein that subtly alter coordination geometry, or perhaps temperature 
effects stemming from the X-ray crystallography and XAS data being collected at 
radically different temperature (no temperature was reported for the X-ray
crystallography measurements). Overall, our XAS data suggests that the zinc metal 
coordination site of reconstituted CA is for, all intents and purposes, identical to the zinc 
active site of the as-isolated CA. This structural data also strongly supports the notion 
that the heats measured as the zinc center was regenerated are directly related to the zinc 








Figure 2.11 XAS results for as-isolated and reconstituted Zn2+-CA 
(left) Comparisons of the XAS data obtained for as-isolated (solid black line) and 
reconstituted (dashed grey line) Zn2+-CA. The XANES spectra (a), k3χ(k) EXAFS spectra 
(b), and the Fourier transforms (c, k=1.5–13.0 Å-1) are essentially superimposable. 
Fourier transforms of the unfiltered k3χ(k) EXAFS data (insets) of as-isolated CA (d) and 
reconstituted CA (e). Experimental data are represented by dotted lines, while best fits




       
       
 
      
  
   
         
  
   
 
Table 2.7 Representative EXAFS fit progressions for as-isolated and reconstituted 
Zn2+-CA 
Zn-N/O Zn···C(His) 
Sample a fit n r σ2 n r σ 2 F F factor ΔE0
1 4 1.98 3.4 310 0.492 -5.73 
2 4 1.98 3.3 6C 2.99 6.5 224 0.418 -6.34 
As-isolated 2.99 6.5 
3 4 1.97 3.4 3His 4.19 5.7 127 0.314 -6.56 
4.21 5.7 
4 4 1.98 3.2 284 0.478 -5.70 
5 4 1.98 3.1 6C 2.99 6.8 206 0.406 -6.21 
Reconstituted 2.99 7.0 
6 4 1.98 3.2 3His 4.19 6.0 115 0.303 -6.46 
4.21 6.0 
a r is in units of Å; σ2 is in units of 10-3 Å2; ΔE0 is in units of eV. All fits are to unfiltered
EXAFS data, with Fourier transform ranges of k = 1.5 – 13.0 Å-1 (resolution = 0.14 Å) 
for both samples. In fits 3 and 6, the His imidazoles were treated as a rigid body, and 
included single scattering paths for Zn2+–Cα and both three and four body paths 





a   Sample  fit n r  2 F'  E0  BVS b
1 3N  1.98  2.0  383  -5.52  1.58
2 4N  1.98  3.5  116  -5.79  2.10
3 5N  1.98  4.9  86  -6.45  2.65
4 6N  1.97  6.2  165  -7.12  3.20
5 3O  1.96  3.0  89  -3.69  1.66
6 4O  1.96  4.8  55  -4.28  2.23
7 5O  1.95  6.6  183  -5.05  2.80
As isolated 8 6O  1.95  8.5  594  -5.84  3.40
(A) 3N 2.01  1.0  
9 37   -5.93  2.21
 1O  1.88 -0.5 
4N 1.99  3.6  
 10 74   -7.44  2.88
 1O  1.87   4.0
2N 2.03  0.2  
 11 23   -5.93  2.16
 2O  1.91   1.5
12 3S   2.07 6.6  46  -27.99  -
 13   4S  2.07  8.7   52  -27.92  -
1  3N  1.98  1.8   253  -5.19  1.57
2 4N  1.98  3.3  88 -5.84  2.10
3 5N  1.98  4.7  100  -6.52  2.64
4 6N  1.97  6.1  238  -7.31  3.20
5 3O  1.96  2.9  53  -3.60  1.66
6 4O  1.96  4.7  66  -4.39  2.23
7 5O  1.95  6.5  283 -5.17  2.80
Reconstituted 8 6O  1.95  8.4  883  -5.98  3.40
(B) 3N 2.01  2.0  
9 42   -5.72  2.21
 1O  1.90   0.8
4N 1.97  3.3  
 10 89   -8.64  3.04
 1O  1.84   12.4
2N 2.02  1.4  
 11 31   -5.78  2.16
 2O  1.92   2.6
12 3S   2.07 6.5  59  -28.81  -





Table 2.8 Fourier-filtered first-shell EXAFS analyses of as-isolated and reconstituted 
Zn2+-CA 
a r is in units of Å; σ2 is in units of 10-3 Å2; ΔE0 is in units of eV. All fits are to Fourier-filtered EXAFS data, as follows: as-isolated 
Zn2+- CA, k = 1.5 – 13.0 Å-1 (back transformation range = 0.6 – 2.1 Å, resolution = 0.14 Å); reconstituted Zn2+-CA, k = 1.5 – 13.0 Å-1 
(back transformation range = 0.6 – 2.1 Å, resolution = 0.14 Å). 
b BVS = bond valence sum for the first-shell atoms of the fit. The BVS is defined as Σ(exp[(r0 – r)/0.37]), where r0 is an empirically
derived parameter for a given pair of atoms and r is the actual bond length. The average (1.74 Å) of the published r0 values for Zn2+–N 





a F- Fit  n r  2 n r  2 F  E0   factor 
1 4  1.98  3.4  310  0.492  -5.73
2 5  1.97  4.8  307  0.490  -6.42
3 2.00  3.4  
3 290   0.476  -5.37
 1  1.93   3.1     
4 4 1.98   3.3 6C 2.99   6.5  224  0.418  -6.34
2.99   6.5    
5 4  1.97  3.4 3His 4.19   5.7     127  0.314  -6.56    4.21  5.7
2.98  8.8  
6 4  1.97  3.3 4His 4.18  7.8  134   0.323  -6.96
   
 4.21  7.8
2.99  4.1  
7 4  1.97  3.4 2His 4.19  3.3  137   0.327  -6.37
   
 4.21  3.3
2.99  6.1  
3.17  6.1  
8  4  1.98  3.4  3His  122  0.309  -5.65
4.19  5.7  




Table 2.9 Selected unfiltered EXAFS fits to as-isolated Zn2+-CA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to unfiltered
EXAFS data over k = 1.5 – 13.0 Å-1. In fits 5-8, the His imidazoles were treated as a rigid 
body, and included single scattering paths for Zn2+–C and both three and four body 
paths involving Zn2+– C–C/N (C and N are the more distant atoms of the 
imidazole). Fit 8 also included a three-body path for Zn2+–NHis–C. The pathlengths for 
the rigid imidazole were constrained to a constant difference from one another and 2 




       
     





      
  
     




   
   
  
































   
Zn-N/O Zn•••C(His) 
F-Fit a n r 2 n r 2 F E0factor 
1 4 1.98 3.2 284 0.478 -5.70
2 5 1.98 4.6 295 0.486 -6.42
3 1.99 3.2
3 267 0.463 -5.44
1 1.93 2.8
4 4 1.98 3.1 6C 2.99 6.8 206 0.406 -6.21
2.99 7.0 
5 4 1.98 3.2 3His 4.19 6.0 115 0.303 -6.46
4.21 6.0
2.98 9.6 
6 4 1.97 3.1 4His 4.18 8.2 121 0.312 -7.00
4.21 8.2
2.99 4.5 









Table 2.10 Selected unfiltered EXAFS fits to reconstituted Zn2+-CA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to unfiltered
EXAFS data over k = 1.5 – 13.0 Å-1. In fits 5-8, the His imidazoles were treated as a rigid 
body, and included single scattering paths for Zn2+-C and both three and four body 
paths involving Zn2+– C–C/N (C and N are the more distant atoms of the 
imidazole). Fit 8 also included a three-body path for Zn2+–NHis–C. The pathlengths for 
the rigid imidazole were constrained to a constant difference from one another and 2 
was constrained to be identical for paths containing the same set of atoms 
Conclusion 
Whitesides and co-workers described carbonic anhydrase as an excellent model 
protein for biophysics, bioanalysis, the physical chemistry of inhibitor design, and 
medicinal chemistry.1 This designation requires that every effort should be made to fully 
understand the thermodynamics of metal binding in CA. Herein, we endeavored to better 






past, studies have continually relied on equilibrium dialysis measurements to ascertain an 
extremely strong association constant (Ka ≈ 1.2 × 1012) for Zn2+ binding to CA. However, 
new reactivity data and isothermal titration calorimetry (ITC) data reported here call that 
number into question. As shown in the ITC experiments, the catalytic site binds a 
stoichiometric quantity of Zn2+ with a strong equilibrium constant (Ka ≈ 2 × 109) that is 3 
orders of magnitude lower than the previously established value. This notion has a 
significant impact on our understanding of the Zn2+ binding chemistry of CA. 
Thermodynamic parameters associated with Zn2+ binding to apoCA are unraveled from a 
series of complex equilibria associated with the in vitro metal binding event. This in-
depth analysis adds clarity to the complex ion chemistry associated with zinc binding to 
carbonic anhydrase and validates thermochemical methods that accurately measure 
association constants and thermodynamic parameters for complex-ion and coordination 









CHARACTERIZING TYPE-2 MONONUCLEAR COPPER SITES IN Cu2+ 
SUBSTITUTED CARBONIC ANHYDRASSE
Introduction
In nature, many complex and important reactions are mediated by proteins 
containing metal cofactors, such as photosynthesis, respiration, and water oxidation.75 
Metalloproteins can perform some catalytic functions that are especially difficult or 
impossible to carry out only by amino acid functional groups or organic cofactors. 
Therefore, understanding how metal binding sites are constructed in biomolecules, 
particularly in terms of oxidation states, geometry, and identity of the ligands, is of great 
importance for practical catalyst design as well as theoretical chemistry study.76 To date, 
research in this field has achieved much success; the mechanism of a wide variety of 
metalloproteins has been elucidated. Among these studies, re-engineering metalloproteins 
can be used to generate new biologically relevant metal centers as an effective means to 
explore how the structure surrounding the metal center affects its stability and reactivity. 
Furthermore, these biological models offer the opportunity to develop new catalysts that 
maintain the extraordinary selectivity and fidelity often associated with enzymes. In some
cases, Nature provides us with these models, and we just have to be lucky enough to 




Copper-containing enzymes play a critical role in dioxygen activation and related 
chemistry in biology.77 According to their function, these enzymes are divided into 
monooxygenases, oxygenases, and oxidases and most of the catalytic mechanisms 
involve the reaction of a Cu(I) center with O2 to form a reactive intermediate, which then 
modifies the substrate.78 The mechanistic details vary depending on the system and have 
been the subject of extensive investigations directed both at the enzymes and related 
synthetic model complexes. On basis of UV-visible and electron paramagnetic resonance 
(EPR) spectroscopic features, the active sites of copper proteins are classified into three 
groups: types 1, 2, and 3.79 The type 1 (T1) or “blue” copper proteins were among the 
first to be isolated and characterized.80 The copper ions are normally coordinated to two 
imidazole nitrogens from side-chain residues of two histidines and a thiolate from a 
cysteine residue, to form a pseudotrigonal plane.81 In some cases, copper ions may also 
bind to a fourth ligand. Normally this ligand is methionine, which fills the axial position 
to form a distorted tetrahedral conformation. The coordination geometry in T1-copper 
protein is believed to confer distinct functional advantages in long-range electron-transfer 
processes. The type 3 (T3) or coupled-binuclear copper sites consist of two closely 
spaced copper atoms. Each of them is bound by three histidines and a bridging ligand 
such as oxygen or hydroxyl.82 Finally, the rest of the copper centers, non-blue and non-
coupled species, form the class of type 2 (T2), or normal copper sites. Generally these T2 
copper sites show similar spectroscopic behavior to Cu2+ in a aqueous environment 
(Cu(H2O)62+ complex).83 
Both type 2 and 3 copper centers are capable of binding and activating O2. 





peptidylglycine α-hydroxylating monooxygenase (PHM), which hydroxylates the C-
terminal glycine-extended peptides, and dopamine β-hydroxylase (DβM), which 
catalyzes the transformation of dopamine to norepinephrine.84 Although the structure of 
DβM is unknown, the structure of PHM is well resolved and DβM is predicted to have a 
similar topology and metal coordination environment to PHM.85 In both PHM and DβM, 
there are two coppers per enzyme subunit, designed as CuH and CuM. In PHM, CuH
coordinated by His107, His108, and His172, while CuM is bound to His242, His244, and 
Met314 as shown in Figure 3.1. These two mononuclear copper centers are both 
considered type 2 copper centers, and housed in distinct domains, which are separated by 
a 11 Å solvent-accessible cleft. It has been proposed that the hydroxylation reaction is 
catalyzed at the CuM site, where CuH site provides electrons through a long range electron 
transfer process.86 However, despite much work, the role of each copper center plays in 
catalysis is still under debate. To understand the roles of the CuH and CuM sites, we aim 
to rebuild carbonic anhydrase with novel T2 copper sites similar to the coordination 
environment formed in PHM.  
Carbonic anhydrase (CA) is a robust, well-studied, zinc-dependent 
metalloenzyme, which has been suggested as a good macromolecular template to support 
a range of biophysical studies.1 These properties also suggest CA would make an 
excellent template for the rational-design of new copper centers within a biological 
setting. Native CA utilizes a non-heme Zn2+ center, bound through three protein-derived 
histidine residues, to catalyze the hydrolysis of carbon dioxide to the bicarbonate ion. The 
metal-free form of CA (apoCA) is relatively stable and easy to generate using dipicolinic 
acid. CA has been reconstituted with a number of transition metals, including copper.43,74 
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 There are several crystal structures of copper-substituted CA that have been reported.43,74 
In one of these structures there are two bound copper ions per CA monomer shown in 
Figure 3.2 as CuA and CuB. The CuA site appears to coordinate His4 and His64, although 
the other structural elements, such as solvent or other protein-derived additional ligands, 
were not resolved in the crystal structure. The CuB site contains a Cu2+ bound to the 
traditional metal binding site of CA, where the Cu2+ is clearly coordinated with three 
protein-derived histidine residues (His94, His96, and His119). Interestingly, a water and 
a dioxygen occupy the other coordination sites in the metal’s trigonal bipyramidal 
geometry. The copper centers are approximately 13.6 Å apart, separated by a solvent 
accessible channel in CA. The reconstituted copper centers in carbonic anhydrase 
(Cu/Cu-CA) are reminescent of a class of proteins containing two mononuclear centers, 
including PHM and DβM. Here we report thermodynamic data characterizing the 
formation of a non-native copper substituted carbonic anhydrase, and report the 
preliminary characterization of this novel remetallated protein’s electronic structure and 




 Figure 3.1 Active sites of PHM 






Figure 3.2 Metal binding sites of dicopper CA 
The native metal binding site occupied with Cu2+ (highlighted in orange), whereas the 
novel second Cu2+ binding site is associated with the N-terminus (highlighted in blue). 
Image generated using Pymol from coordinates associated with PDB: 1RZC.pdb 
Materials and Methods 
ITC experiments were carried out at 25oC, unless indicated otherwise, on a 
MicroCal VP-ITC calorimeter. Samples were buffered at pH 7.0 with 20 mM ACES. A 
typical experiment consisted of 100 µM apo-CA titrated with 2.04 mM Cu(NO3)2. 
Protein concentrations were calculated from known molar absorptivities of both apoCA 
and native CA.87 All solutions were generated with exactly matched buffers and degassed 
under vacuum prior to running the experiments. ITC data were fitted with the Origin 







developed at Mississippi State University, which uses nonlinear least-squares algorithms 
(minimization of χ2) and the concentrations of the titrant and the sample to fit the heat
flow per injection to equations corresponding to an equilibrium binding model. These 
fitting programs provide good data simulation and the best-fit values for the 
stoichiometry (nITC), change in enthalpy (ΔHITC), and association constant (KITC). 
Comparison of the goodness of fit with different models was based on the calculated χ2 
value. Three good data sets were collected for each type of titration, and the best-fit 
values were averaged and reported. The ITC data that are presented herein are shown as 
the baseline-adjusted raw data and the peak integrated, concentration-normalized heat of 
reaction versus the molar ratio of metal ion to protein. 
EPR spectra were collected for two samples: Cu/Zn-CA (0.85 mM CA, 1.3 mM
Zn2+, and 0.65 mM Cu2+) and Cu/Cu-CA (0.9 mM CA, 1.7 mM Cu2+). Both of samples 
were prepared in 25 mM ACES, pH 7.0 and pipetted into quartz EPR tubes. EPR spectra 
were recorded on an X-band Bruker EMS spectrometer with an Oxford ESR900 liquid 
He cryostat at Carnegie Mellon University. Quantitative analysis of EPR spectra used 
SpinCount with Cu-EDTA as the spin standard. Spectra were recorded with a modulation 
amplitude of 1 mT at 100 kHz, and 20 K, if used for concentration determination, under 
nonsaturating microwave power conditions.
The peroxide shunt chemistry was determined by the oxidation of 2-aminophenol 
to 2-amino-3-phenoxazin-3-one in the presence of H2O2, a method described previously 
with some modifications.88 All assays were performed in 50 mM BES buffer at pH 7.0. 
Typically, 2-aminophenol solution (20 µl, 100 mM) and H2O2 (20 µl, 50 mM) were 





was then mixed into the cuvette and absorption at 434 nm was monitored for 60 seconds. 
Activity was calculated based on the conversion of 2-aminophenol to 2-amino-3H-
phenoxazin-3-one (ε434 = 23,200 M-1cm-1) and normalized based on assay volumes. 
Results and Discussion
The accessibility of the metal binding sites in CA allows us to utilize 
thermochemical techniques to effectively measure the thermodynamic parameters 
associated with Cu2+ reconstitution. Using a series of isothermal titration calorimetry 
(ITC) experiments where Cu2+ is added to apoCA in vitro, the ITC determined 
parameters (KITC and ΔHITC) can be readily obtained and used to calculate ΔGITC of metal 
binding and the entropy change for metal binding, ΔSITC. The protein concentrations used 
in the ITC experiments were calculated from known molar absorptivities.87 A 
representative isotherm for the addition of Cu2+ to apoCA and the integrated enthalpy 
change data and nonlinear regression fit are shown in Figure 3.3. As expected, the ITC 
titration of Cu2+ into apoCA yields a complex set of equilibria that can be readily fit to a 
two-site binding model (Table 3.1). Two Cu2+ binding events occur with experimental 
equilibrium constants determined as 2.3 x 108 and 4.0 x 105, which are assigned as a high 
affinity and low affinity sites, respectively. Both metal binding events are enthalpically 
favored. However, the major difference in the equilibrium constants for these two binding 
events arises from the ∆S terms associated with the two Cu2+ binding events. The high 
affinity process, as shown in Table 3.1, is also strongly entropically driven, which 
suggests that metal binding to the high affinity site results in a less ordered protein-metal 
complex. The large positive entropy change for binding Cu2+ to the high affinity site 









result from the loss of water from the protein residues at the high affinity site.  The 
smaller positive entropy change for binding Cu2+ to the lower affinity site is likely the net 
result of the positive entropy change for the loss of water from the protein residues at the 
binding site in combination with negative change in entropy for re-structuring the protein 
to create the lower affinity Cu2+ binding site. 
Unfortunately, the equilibrium constants and thermodynamic data extracted from
the two-site fit of the ITC experiment does not allow us to assign these parameters to
specific metal binding events. Previous studies have reported an association constant for 
Cu2+ binding to apoCA of 5.9 x 1013. This binding constant was attributed to Cu2+ 
binding to the traditional metal binding site in CA.89 Corresponding ITC experiments 
attributed a high affinity binding event for Cu2+ binding to the three-histidine site, 
described here as CuB. This previous calorimetry study neglected a number of important 
buffer effects that dramatically temper the ITC results.87 To clarify this quandary, Cu2+ 
was titrated into Zn-CA to generate a so-called Cu/Zn-CA form of the enzyme, where the 
traditional metal binding site is occupied by Zn2+ and effectively allows us to probe the 
thermodynamics of the CuA binding site. The shape of the isotherm (Figure 3.4) and the 
thermodynamic data (Table 3.1) are similar to the data collected for the high affinity Cu2+ 
binding site, which strongly supports the notion that the high-affinity binding site in 
apoCA is the CuA center. Curiously, this makes the CuB site the low affinity site.
If we delve into the ITC data more carefully, it is clear the equilibria measured in 
the ITC have to be treated as a competition of equilibria between the buffer and apoCA 
for Cu2+. The complex equilibria associated with Cu2+ with some common buffer have 




ITC. Specifically in this case, copper interacts with ACES buffer, (logK = 4.32) and the 
reactions occurring in the ITC cell are well represented as equation 1 in Table 3.2. The 
metal buffer interactions occurring in our ITC experiments can be modeled using the 
thermaldynamic cycles shown in Table 3.2. This allows us to calculate the intrinsic 
association constants (Ka) for Cu2+ binding to apoCA (Table 3.2, Equation 3). From the 
large favorable intrinsic free energy changes for the two Cu2+ binding events, we 
conclude that copper ions acturally bind strongly to apoCA in vitro, with Ka values of 4.9 






Figure 3.3 ITC data of copper binding to apoCA in 20 mM ACES, pH 7.0 
(A) Raw data from the titration of a 1.5 mL cell containing 100 μM apoCA was titrated 
with 60 x 4 µL of 2.04 mM Cu(NO3)2 in 20 mM ACES at pH 7.0. (B) Integrated isotherm
and the best associated fit for a two-site binding model. The average thermodynamic 








Figure 3.4 ITC data of copper binding to ZnCA in 20 mM ACES, pH 7.0 
(A) Raw data from the titration of a 1.5 mL cell containing 120 μM ZnCA was titrated
with 30 x 3 µL of 3.62 mM Cu(NO3)2 in 20 mM ACES at pH 7.0. (B) Integrated isotherm
and the best associated fit for a one-site binding model. The average thermodynamic 






































Cu2+ into apoCA 
1.0 2.3 (±0.3)×108 
1.0 4.2 (±0.3)×105 
-4.1 ± 0.0 
-6.0 ± 0.1 
-11.4 ± 0.1 
-7.7 ± 0.0 
-7.3 ± 0.1 
-1.7 ± 0.1 
Cu2+ into ZnCA 1.0 1.3 (±0.3)×108 -3.3 ± 0.0 -11.1 ± 0.1 -7.8 ± 0.1 










H+1. Cu(ACES)2+ + x(CA) ⇋
Cu(CA)2+ + x H+(ACES) + (1-x) 
ACESa 
-11.4b -4.1b -7.3 
binding 2. Cu(ACES)2+ ⇋ Cu2+ + 2 ACES 5.9d 11.5c -5.6 
event 
(CuA) 
3. Cu2+ + H+ x(CA) + ACES ⇋
Cu(CA)2+ + x H+(ACES) + (1- x) 
ACES






1. Cu(ACES)2+ + H+ y(CuCA) ⇋
Cu2(CA)2+ + y H+(ACES) + (1-y) 
ACESa 
-7.7b -6.0b -1.7 
2. Cu(ACES)2+ ⇋ Cu2+ + ACES 5.9d 11.5c -5.6 
3. Cu2+ + H+ y(CuCA) ⇋ Cu2(CA)2+ 
+ y H+(ACES) + (1-y) ACES 
-13.6 -17.5 3.9 
a x and y represent the number of protons released up copper binding. b from Table 3.1.c 
Determined as part of this study via displacement experiments with EDTA. d from ref 50. 
The complexity of this experiment increases if considering that there may be 
protons released upon copper binding to apoCA. To clarify this notion, we performed 
similar experiments in other buffers having different ionization energies at pH 7.4 (Figure 
3.5-3.8), where the thermodynamic parameters and speciation of copper ions in solution 
are known and favor a well-studied buffer−copper complex formation (Table 3.4).50 The
average thermodynamic parameters (KITC and ΔHITC) associated with parallel ITC 




 Figure 3.5 ITC data of copper binding to apoCA in 100 mM BES, pH 7.4 
Table 3.3. Additionally, the change in free energy, ΔGITC, and change in entropy, ΔSITC, 
associated with the complex equilibria of metal binding were also calculated (Table 3.3). 
 
(A) Raw data from the titration of a 1.5 mL cell containing 50 μM apoCA was titrated 
with 60 x 3 µL of 1.45 mM Cu(NO3)2 in 100 mM BES at pH 7.4. (B) Integrated isotherm
and the best associated fit for a two-site binding model. The average thermodynamic 




 Figure 3.6 ITC data of copper binding to apoCA in 100 mM Bis-Tris, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 65 μM apoCA was titrated 
with 60 x 3 µL of 2.05 mM Cu(NO3)2 in 100 mM Bis-Tris at pH 7.4. (B) Integrated 
isotherm and the best associated fit for a two-site binding model. The average 







Figure 3.7 ITC data of copper binding to apoCA in 100 mM TES, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 70 μM apoCA was titrated 
with 80 x 3 µL of 1.48 mM Cu(NO3)2 in 100 mM TES at pH 7.4. (B) Integrated isotherm
and the best associated fit for a two-site binding model. The average thermodynamic 




 Figure 3.8 ITC data of copper binding to apoCA in 100 mM ACES, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 50 μM apoCA was titrated 
with 60 x 3 µL of 1.45 mM Cu(NO3)2 in 100 mM ACES at pH 7.4. (B) Integrated 
isotherm and the best associated fit for a two-site binding model. The average 
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Figure 3.9 Protons release from apoCA upon Cu2+ binding 
Table 3.3 Best fit values for Cu2+ binding to apoCA from ITC experiments at pH 7.4 















-4.1 ± 0.1 
-8.1 ± 0.1 
-10.7 ± 0.2 
-11.3 ± 0.1 
-6.6 ± 0.2 
-3.2 ± 0.1 
ACES 1.1 4.0 (±0.5)×107 -3.6 ± 0.1 -10.4 ± 0.1 -6.8 ± 0.1 








-4.8 ± 0.2 
-8.0 ± 0.1 
-5.8 ± 0.1 
-7.1 ± 0.1 
-1.0 ± 0.2 
0.9 ± 0.1 
ACES 0.9 1.4 (±0.2)×105 -2.6 ± 0.2 -7.0 ± 0.1 -4.4 ± 0.3 
 
Plot of the addition of observed enthalpy from ITC and metal-buffer interaction enthalpy 
(ΔHITC + ∆HCu-Buffer) versus buffer ionization enthalpies (∆HH-Buffer) in various buffers at 
pH 7.4. Values for ΔHITC, ∆HCu-Buffer and ∆HH-Buffer in various buffers are listed in Table 
3.3 and Table 3.4. Red: CuA Site. Blue: CuB Site. Linear regression values: Red: y = 1.47 







Herein, the number of protons released in CuA and CuB sites can be estimated 
based on the linear dependence of the addition of observed enthalpy from ITC and 
metal−buffer interaction enthalpy (ΔHITC + ΔHCu‑Buffer) versus the change in enthalpy of 
ionization for each buffer (ΔHH‑Buffer) as shown in Figure 3.9. This linear relationship can 
be fit to equation 3.1, where ΔHH−Buffer, ΔHCu−Buffer, ΔHH−CA, and ΔHCuCA are heats 
associated with proton and metal binding to the buffer and apoCA and nP is the number 
of protons released.69 
ΔH 	ΔH  	 n ΔH  ΔH 	n ΔH  (3.1) 
As a result, the slope of this curve suggests ∼1.5 protons are displaced by Cu2+ 
binding at the CuA site, whereas 0.7 protons are released at CuB site. Aware of this, the 
buffer- and pH-independent thermodynamic values of copper binding to apoCA could be 
derived from a thermodynamic cycle as described previously.87 However, these values 
are unavailable for CuA site, because the detailed structure information is unknown and 
the pKa values for copper binding ligands cannot be established. Therefore, it is focused 
on CuB site for now and a model is assumed for this complex equilibrium. Firstly, the pKa
values associated with the copper-bound histidines, namely His94, His96, and His119, 
have been determined to be less than 6 in apoCA,70,53 suggesting that the origin of 
releasing protons from CuB site is copper bound water molecules. Although the pKa value 
of the copper-bound water is not established yet, it could back-calculate this value from 
the number of protons released. As shown in Figure 3.2, two water molecules coordinated 
to metal in trigonal-bipyramidal geometry. Copper binding to protein will result in 












suggest that the average pKa of copper bound water is 7.7. Next, the protons released 
from CA will interact with buffer, and the thermodynamic terms of various buffers are 
well known (Table 3.4). Finally, using the data collected from the complex equilibrium
and the three previously described simpler equilibria we can estimate the thermodynamic 
parameters associated with Cu2+ binding to apoCA at CuB site, which we calculate to be 
ΔHCuCA = −16.7 ± 0.1 kcal/mol and ΔGCuCA = −13.8 ± 0.1 kcal/mol in ACES buffer at pH 
7.4 (Table 3.8). In addition, the validity of this analysis and the establishment of pKa
value could be further proved by performing ITC experiments at different pH. At pH 7.0 
in 20 mM ACES, 0.2 protons are released; the condition independent values determined 
under this condition (Table 3.9) is highly consistent with the values from Table 3.8.  
Similar thermodynamic models can be applied to the other buffer systems studied, which 
are detailed in the Table 3.5, 3.6, and 3.7. 
Table 3.4 Summarized stability constants and formation enthalpies for Cu-Buffer and 
H-Buffer 





BES 7.11 -6.07 3.51 -5.7 
Bis-Tris 6.54 -6.96 5.27 -7.3 
TES 7.60 -7.7 3.90 -4.8 
ACES 6.79 -9.34 4.32 -11.2 
a Values are from reference 50 unless otherwise indicated. b Determined as part of this 




eq reaction coeff 
∆H ∆G 
(kcal/mol) (kcal/mol) 
Cu(BES)2+ + (H+)0.7-CA  → Cu-CA2+ + 0.7 H+BES 
+ 0.3 BES -5.7a   -7.3a 
1   Cu(BES)2+ → Cu2+ + BES 1 5.7b   4.8b 
2   H+-CA → H+ + CAc 0.7 13.5d   10.5e 
3 BES + H+ → H+BES 0.7 -6.07b   -9.7b 




eq reaction coeff 
∆H ∆G 
(kcal/mol) (kcal/mol) 
Cu(Bis-Tris)2+ + (H+)0.7-CA → Cu-CA2+ + 0.7 
H+Bis-Tris + 0.3 Bis-Tris -4.8a   -5.8a 
1   Cu(Bis-Tris)2+ → Cu2+ + Bis-Tris 1 7.3b   7.2b 
2   H+-CA → H+ + CAc 0.7 13.5d   10.5e 
3 Bis-Tris + H+ → H+Bis-Tris 0.7 -6.96b   -8.9b 
4   Cu2+ + CA → CuCA2+ 1 -16.7 -14.1 
 
Table 3.5 Thermodynamic cycle for Cu2+ binding to apoCA at CuB site in 100 mM
BES, pH = 7.4 
a From Table 3.3. b From Table 3.4. c The reaction actually written as: (His)3Cu-(H2O)2
→ (His)3Cu-(OH-)2 + 2H+, explanation see text. d ref 50. e pKa of copper bound water is 
7.7. ∆G° = -RTln(Ka) 
Table 3.6 Thermodynamic cycle for Cu2+ binding to apoCA at CuB site in 100 mM
Bis-Tris, pH = 7.4 
a From Table 3.3. b From Table 3.4. c The reaction actually written as: (His)3Cu-(H2O)2
→ (His)3Cu-(OH-)2 + 2H+, explanation see text. d ref 50. e pKa of copper bound water is 




eq reaction coeff 
∆H ∆G 
(kcal/mol) (kcal/mol) 
Cu(TES)2+ + (H+)0.7-CA  → Cu-CA2+ + 0.7 H+TES 
+ 0.3 TES -8.0a   -7.1a 
1   Cu(TES)2+ → Cu2+ + TES 1 4.8b   5.3b 
2   H+-CA → H+ + CAc 0.7 13.5d   10.5e 
3 TES + H+ → H+TES 0.7 -7.7b   -10.4b 




eq reaction coeff 
∆H ∆G 
(kcal/mol) (kcal/mol) 
Cu(ACES)2+ + (H+)0.7-CA  → Cu-CA2+ + 0.7 
H+ACES + 0.3 ACES -2.6a   -7.0a 
1   Cu(ACES)2+ → Cu2+ + ACES 1 11.2b   5.9b 
2   H+-CA → H+ + CAc 0.7 13.5d   10.5e 
3 ACES + H+ → H+ACES 0.7 -9.34b   -9.2b 
4   Cu2+ + CA → CuCA2+ 1 -16.7 -13.8 
 
Table 3.7 Thermodynamic cycle for Cu2+ binding to apoCA at CuB site in 100 mM
TES, pH = 7.4 
 
a From Table 3.3. b From Table 3.4. c The reaction actually written as: (His)3Cu-(H2O)2
→ (His)3Cu-(OH-)2 + 2H+, explanation see text. d ref 50. e pKa of copper bound water is 
7.7. ∆G° = -RTln(Ka) 
Table 3.8 Thermodynamic cycle for Cu2+ binding to apoCA at CuB site in 100 mM
ACES, pH = 7.4 
a From Table 3.3. b From Table 3.4. c The reaction actually written as: (His)3Cu-(H2O)2
→ (His)3Cu-(OH-)2 + 2H+, explanation see text. d ref 50. e pKa of copper bound water is 




eq reaction coeff 
∆H ∆G 
(kcal/mol) (kcal/mol) 
Cu(ACES)2+ + (H+)0.2-CA  → Cu-CA2+ + 0.2 
H+ACES + 0.8 ACES -6.0a   -7.7a 
1   Cu(ACES)2+ → Cu2+ + ACES 1 11.2b   5.9b 
2   H+-CA → H+ + CAc 0.2 13.5d   10.5e 
3 ACES + H+ → H+ACES 0.2 -9.34b   -9.2b 





∆H ∆G -T∆S 
Buffer K (kcal/mol) (kcal/mol) (kcal/mol) 
BES  2.1 (±0.8)×109 -16.6 ± 0.1 -12.7 ± 0.2 3.9 ± 0.2 
Bis-Tris 2.2 (±0.3)×1010 -16.7 ± 0.2 -14.1 ± 0.1 2.6 ± 0.2 
TES  1.5 (±0.3)×109 -16.9 ± 0.1 -12.5 ± 0.1 4.5 ± 0.1 
ACES 1.3 (±0.2)×1010 -16.7 ± 0.2 -13.8 ± 0.1 2.9 ± 0.2 
Average 5.7 × 109 -16.7 -13.3 3.4 
 
 
Table 3.9 Thermodynamic cycle for Cu2+ binding to apoCA at CuB site in 20 mM
ACES, pH = 7.0 
a From Table 3.3. b From Table 3.4. c The reaction actually written as: (His)3Cu-(H2O)2
→ (His)3Cu-(OH-)2 + 2H+, explanation see text. d ref 50. e pKa of copper bound water is 
7.7. ∆G° = -RTln(Ka) 
Table 3.10 Summary of pH- and buffer-independent thermodynamic values for Cu2+ 
binding to apoCA in CuB site
Thermodynamic parameters calculated from titrations of Cu2+ into apoCA at CuB
site in various buffers are fully consistent with one another (Table 3.10). The average pH- 
and buffer-independent association constant (Ka) of Cu2+ for apoCA in CuB is 5.7 × 109, 
which suggests the CuB site has a relatively high affinity for Cu2+. The average change in 
enthalpy of binding is calculated to be −16.7 kcal/mol, and the change in entropy is 






Cu2+ binding to carbonic anhydrase in the CuB site is primarily an enthalpy-driven 
process and the structure is more ordered upon binding. In addition, since CuA site binds 
copper about 1000 times tighter than CuB site (Table 3.1), it seems unlikely that the CuA
site has only two protein-derived ligands. A possible explanation for this would be that 
there are more protein-based ligands bound to Cu2+ in the CuA site, but the additional 
ligands have not been resolved in the X-ray crystallographic experiment or that these 
ligands are unable to coordinate with the CuA site in the crystal structure. Although 
further structural study is needed to totally understand the thermodynamics of copper 
binding to the CuA site, the ∆G and ∆H term derived in Equation 3 for the CuA site in 
Table 3.2 should be reasonably close to the true value, which give an accurate measure of 
how well copper ions interact with the CuA binding site in CA. 
The two sites in Cu/Cu-CA have distinctive electronic environments that are 
highly similar to those measured for mononuclear copper centers in PHM,90,91 DβM,92,93 
NiR,94,95 and and related engineered azurins.96 The EPR spectrum of 1.5 eq. Zn2+ and 
0.75 eq of Cu2+ added to apoCA is shown in Figure 3.10A.  Indicative of the formation of 
Cu/Zn-CA, the spectrum shows one copper species present in the CuA site with g values 
equal to 2.017, 2.067, and 2.190, and hyperfine splitting of Az = 197 G. The spin 
concentration of this species quantitatively agrees with the amount of added copper. The 
addition of 1.9 equivalents of Cu2+ to apoCA shows a spectrum with two species in equal 
amount, whose total spin concentration agrees with the amount of Cu2+ added (Cu/Cu-
CA, Figure 3.10B). Assuming that one of these species is the previously identified site in 
Cu/Zn-CA, we obtained the difference spectrum by subtracting the Cu/Zn-CA data from 







2.029, 2.096, and 2.326, and hyperfine splitting of Az = 127 G. The significantly higher 
Az value for the CuA site relative to the CuB site is indicative of higher covalency for the 
CuB site. This is consistent with an assignment of the CuB site to the native Zn binding 
site of CA. The EPR parameters for the CuA site are typical of adventitious or secondary 
binding sites.97 
Figure 3.10 EPR spectra of Cu/Zn-CA and Cu2-CA 
Frozen solution EPR spectra of 0.85 mM apoCA, 25 mM ACES, pH 7, with (A) 1.5 eq. 
Zn2+, 0.75 eq of Cu2+; (B) 1.9 eq of Cu2+. (C) Difference spectrum B-A.  Microwaves: 20 
μW at 9.64 GHz.  Temperature:  21 K. The simulations (black lines) are least-squares fits 
for S=1/2, I =3/2, with g and Az and concentrations given in text 
Combining the thermodyanmic and electronic structural data provided above with 
the crystal structure of copper-substituted carbonic anhydrase, it is clearly demonstrated 
that Cu/Cu-CA is a member of the mononuclear or non-coupled dinuclear copper protein 
family. Generally, the mechanisms of mononuclear and non-coupled dinuclear copper 




such as cuperic-superoxides (CuII-O2•-) or hydroperoxides (CuII--OOH), which then 
attacks an organic substrate.98,99 Since the Cu/Cu-CA is in a dicupric form, it does not 
activate O2 (although according to the crystal structure, Cu/Cu-CA may bind O2). 
However, if we use a two electron reduced form of O2, namely hydrogen peroxide with 
Cu/Cu-CA (which is isoelectronic with a dicopper(I)-dioxygen complex) we can 
effectively oxidize 2-aminophenol.100 The 2-aminophenol oxidation assay is a commonly 
used and well-studied assay to characterize the reactivity of a variety of peroxidase and 
copper-containing enzymes, including phenoxazinone synthase and tyrosinase.101 The 
reaction mechanism involves a catalytic step in which a 2-electron oxidation of 2-
aminophenol to quinine imine takes place. The quinine imine then reacts with another 2-
aminophenol to yield the yellow product 2-aminophenoxazinone (ε434 = 23,200 M-1cm-
1).100 This reactivity, plotted as a function of metal equivalents is shown in Figure 3.11. 
These data clearly illustrate that H2O2 reactivity is dependent on Cu2+ being bound to the 
lower affinity CuB site.
Although we speculate that the CuB site is the center of H2O2 activation, it is still 
unclear if CuB acts independently or if there is some supporting role for CuA in this 
chemistry. Similar shunt chemistry has been shown in other non-coupled dicopper 
proteins, such as PHM, where a side-on Cu2+-hydroperoxo intermediate has been 
reported as a discrete step in the catalytic mechanism.78 However, there are also several 
mononuclear Cu2+ systems that can oxidize aromatic species using an end-on 
hydroperoxo moiety.102 Clearly, further analysis of this Cu/Cu-CA system is required to 
understanding the underlying mechanism of this H2O2-dependent chemistry. However, 





used as a starting point to probe biological reactions catalyzed by copper centers in 
biology. 
Figure 3.11 Oxidation of 2-aminophenol by Cu2+-substituted CA 
All assays were performed in 50 mM BES buffer at pH 7.0. Typically, 2-aminophenol 
solution (20 µl, 100mM) and H2O2 (20 µl, 50mM) were added to 1 mL of buffer in a 
disposable cuvette. Up to 20 µl of a 100 µM protein solution was then mixed into the 
cuvette and absorption at 434 nm was monitored for 60 seconds. Activity was calculated 
based on the conversion of 2-aminophenol to 2-amino-3-phenoxazin-3-one (ε434 = 23,200 
M-1cm-1) and normalized based on assay volumes 
Conclusion 
A number of copper-containing metalloenzymes use type-2 mononuclear copper 
sites to activate dioxygen as a means of oxidizing specific organic substrates. Here we 
report data characterizing the formation of a non-native copper substituted carbonic 
anhydrase, which has characteristics similar to the class of mononuclear copper proteins. 
Two Cu2+ ions bind to the metal-free form of human carbonic anhydrase II (CA). These 
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binding events are explored using isothermal titration calorimetry (ITC) and relevant 
thermodynamic parameters, including the association constants (K), changes in enthalpy 
(ΔH), and changes in entropy (ΔS) terms are reported. The two different sites, termed 
CuA and CuB, have different affinities for Cu2+, Ka ~ 5 x 1012 and 5 x 109, respectively. 
Control experiments suggest the CuB site is consistent with the native metal binding site 
typically associated with CA, whereas the CuA site has been crystallographically 
identified approximately 14 Å away. Each Cu2+ site have distinctive and non-coupled 
EPR signals and the fully reconstituted copper enzyme can activate hydrogen peroxide to 






CHARACTERIZATION OF COPPER, NICKEL, AND COBALT SUBSTITUTED 
CARBONIC ANHYDRASE
Introduction
Many functional proteins contain transition metal cofactors.103 Although 
elucidating how the correct metal ions are selected is ambiguous, understanding how a 
protein scaffold binds metal ions is fundamental in understanding protein biochemistry. 
Thermodynamic studies of metal ions binding to protein provides insights, not only about 
metal ion selectivity, but also about enthalpic and entropic contributions to the free 
energy of binding.47 Although many studies measuring thermodynamic metal-protein 
interactions have been performed, the major determinants of metal ion selectivity in 
proteins are not yet well understood.104 In efforts to resolve this intriguing question, 
carbonic anhydrase is chosen as a model framework to study the thermodynamics and 
coordination chemistry of metal binding to non-heme sites. 
Carbonic anhydrase is considered one of the most extensively studied families of 
metalloenzymes, which catalyze the zinc-dependent hydrolysis of carbon dioxide (CO2) 
to the bicarbonate ion (HCO3-).1 In this system, the tetrahedral zinc center is coordinated 
to three protein-derived histidine residues (His94, His96, and His119) and a labile water 
molecule (Figure 4.1). The zinc ion can be easily extracted from the active site without 






transition metals.41,26 Of these variant metalloenzymes, only Co2+ substituted enzyme
(CoCA) displays hydrolytic activity similar to the native enzyme.42 Hakansson et al.
previously solved crystal structures of Cu2+, Co2+, and Ni2+ substituted carbonic 
anhydrase (Figure 4.1).43 They found that Co2+ is coordinated to three histidine ligands in 
the active site with a tetrahedral geometry, whereas Cu2+ binds to the protein in a 
trigonal-bipyramidal geometry and Ni2+ coordinates octahedrally. Silverman et al.
observed a different result for CoCA: the metal coordination is pH dependent and the 
enzyme is oxidized to Co3+-CA with an octahedral geometry at pH 6.0.44 Herein 
thermodynamic data of transition metals binding to CA is investigated by isothermal 
titration calorimetry (ITC) experiments. In addition, X-ray absorption spectroscopic 
(XAS) studies of Cu, Co, and Ni substituted carbonic anhydrase are carried out to 
examine the structure of protein bound metal ions in aqueous solution. The result of the 
study provides insights into the structural features of the protein that determine the 








Figure 4.1 Active site metal geometry of metal-substituted CA 
Crystallographic data of (A) ZnCA (2CAB.pdb) collected at pH 7.0 and 1.54 Å 
resolution, (B) CuCA (1RZC.pdb) collected at pH 7.0 and 1.90 Å resolution, (C) NiCA 
(1RZE.pdb) collected at pH 7.0 and 1.90 Å resolution, and (D) CoCA (1RZB.pdb) 
collected at pH 7.8 and 1.90 Å resolution 
Materials and Methods 
Sample Preparation
CA was overexpressed and purified from the constructed plasmid pACA in the E. 
coli BL21(DE3) cells as previously described.87 ApoCA was prepared by dialyzing native 
CA against 1 L of 20 mM ACES containing 50 mM dipicolinate acid (pH 7.0). Extra 
dipicolinate acid was removed by dialyzing the apoCA versus 2 liter of 20 mM Tris (pH 






concentration of apoCA was determined by UV absorption at 280 nm (ε280 = 54,000 M-1
cm-1).57 There are four species of CA prepared for XAS study: dicopper CA (Cu/Cu-CA, 
adding 2 equivalent Cu2+ into apoCA), copper/zinc CA (Cu/Zn-CA, adding 1 equivalent 
Cu2+ into ZnCA), nickel CA (NiCA, adding 1 equivalent Ni2+ into apoCA), and cobalt 
CA (CoCA, adding 1 equivalent Co2+ into apoCA). Each sample is concentrated to 1 mM
concentration in 20 mM ACES or Tris buffer at pH 7.4, with 30 % glycerol. Samples 
were frozen in an EXAFS sample cell using liquid nitrogen.  
XAS Data Collection and Analysis 
X-ray absorption spectroscopy data was collected at beamline X3B of the 
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. A 
sagitally focusing Si(111) double crystal monochromator was used for energy selection, 
with a nickel-coated mirror downstream of the monochromator providing harmonic 
rejection. Cu-K edge XAS spectra were collected in fluorescence mode over an energy 
range of 8779–9689 eV, using a 31 element Canberra Ge detector. Samples were 
maintained at a temperature of 20 K under vacuum using a helium Displex cryostat. For 
internal energy calibration, a copper foil spectrum was collected concomitantly and its 
first inflection point was set to 8979 eV. Ni-K and Co-K edge XAS spectra were 
collected in fluorescence mode over energy range of 8133 – 9090 eV for Ni and 7509 – 
8328 eV for Co. For internal energy calibration, either a nickel or cobalt foil spectrum
was collected concomitantly.  Its first inflection point was set to 8333 eV or 7709 eV for 
Ni and Co, respectively. 
Data reduction, averaging, and extraction of the χ(k) EXAFS (extended X-ray 







function was fitted to the curved pre-edge background and this function was subtracted 
from the entire spectrum to remove background absorption. A 3-segment spline function 
having fourth order components was fit to the background subtracted data to extract χ(k). 
EXAFS analysis was carried out using the opt program of EXAFSPAK. Theoretical 
scattering paths were built from the coordinates of a model of the active site of human 
CA extracted from the crystal structure coordinates (2CBA.pdb), with ab initio phase and 
amplitude parameters for these paths calculated using FEFF 6.60 Coordination numbers 
(n) were varied in integer steps, while the pathlengths (r) and Debye-Waller factors (σ2) 
were allowed to freely float. Coordinated His ligands were simulated using a rigid body 
approximation,61 in which the pathlengths of single- and multiple-scattering paths were
constrained to a constant difference from one another. The scale factor was fixed at 0.9 in 
all fits. E0, the point at which k = 0 Å-1, was defined as inflection point of each metal, and 
the edge shift parameter ΔE0 was allowed to float as a single common value for all shells. 
Fits to Fourier-filtered first-shell EXAFS data used the goodness-of-fit parameter F',
defined as F' = [Σ (χexptl- χcalc)2]2 / (NIDP – NVAR), where NVAR is the number of floated 
variables in the fit, while NIDP is the number of independent data points and is defined as 
NIDP = 2ΔkΔr/π. In the latter equation, Δk is the k-range over which the data is fit, while 
Δr is the back-transformation range employed in fitting Fourier-filtered data. F' provides 
a useful assessment of the effect of additional shells on improving fit quality.62 The bond-
valence sum (BVS) was also used to assess appropriateness of a given first-shell fit. The 
BVS was calculated using Σ(exp[(r0 – r)/0.37]), where r0 is an empirically derived 







unfiltered EXAFS data, the goodness of fit (F factor) was defined as [Σk6(χexptl-
2]1/2χcalc)2/Σk6χexptl . 
Isothermal Titration Calorimetry
Cobalt and nickel isothermal titration calorimetry experiments were carried out at 
25°C on a MicroCal VP-ITC calorimeter. Samples were buffered at pH 7.4 with 100 mM
Tris. A typical experiment consisted of 45 μM apoCA titrated with 1.60 mM Ni(NO3)2. 
All solutions were generated with exactly matched buffers and degassed under vacuum 
prior to running the experiments. Protein concentrations were calculated from known 
molar absorptivities of apoCA. 
ITC data were fitted with the Origin software package provided by MicroCal and 
an ITC calorimetry software packaged developed at Mississippi State University, which 
uses nonlinear least-squares algorithms (minimization of χ2) and the concentrations of the 
titrant and the sample to fit the heat flow per injection to equations corresponding to an 
equilibrium binding models.58 These fitting programs provide a means of simulated data 
and generate best-fit values for the stoichiometry (nITC), change in enthalpy (ΔHITC), and 
association constant (KITC). Three or more reproducible data sets were collected for each 
type of titration, and the best-fit values were averaged and reported. All ITC data that are 
presented herein are shown as the baseline-adjusted raw data and the peak integrated, 
concentration-normalized heat of reaction versus the molar ratio of metal ion to protein. 
The free energy change for the overall equilibrium of each ITC titration (ΔGITC), was 









   
Results and Discussion
XAS Study of Cu/Zn-CA and Cu/Cu-CA 
Previously, it is demonstrated that there are two copper binding sites in carbonic 
anhydrase, and the thermodynamic parameters have been explored by ITC. The two 
different sites, termed CuA and CuB, have different affinities for Cu2+, Ka about 5 x 1012 
and 5 x 109, respectively. Therefore, in Cu/Zn-CA, Cu2+ is loaded into the high-affinity
CuA site, without displacing Zn2+ from the native three histidine binding site. The copper 
K-edge XAS data of Cu/Zn-CA is shown in Figure 4.2A. The analysis of edge features, 
called XANES (X-ray absorption near-edge structure), is used to examine the metal’s
oxidation state and coordination structure. A weak pre-edge feature at 8978 and a 
substantial feature at 8984 eV are assigned to 1s → 3d and 1s → 4p electronic transitions 
typically seen for Cu2+.105 The intensity of 1s → 3d peak is very weak, since there is only 
one vacancy in the 3d manifold for Cu2+.106 However, the low-energy absorption tail 
through the 8983 - 8985 eV region indicates the Cu2+ center is likely in a tetragonal 
coordination environment in the protein.107 Further evidence for this notion comes from 
k3χ(k) EXAFS data and the Fourier transform analysis of this sample.  
EXAFS analysis typically provides metal-ligand distances within 0.02 Å, 
identification of donor atoms present (Z ± 1), and an estimate of the coordination number 
(± 25 %).106 The Cu/Zn-CA sample exhibit well-defined k3χ(k) EXAFS modulations out 
to k = 12 Å-1 (Figure 4.2B). The Fourier transform exhibiting a single intense peak at r' = 
1.5 Å associated with first-shell ligands and a set of weak outer-shell features distributed 
over r' = 2.2-4.0 Å (Figure 4.2C). The shape of this outer-shell feature as well as the so-




provide evidence for the presence of metal-bound histidines.108 Analysis of the Fourier-
filtered first-shell data for Cu/Zn-CA at the single scattering level of theory indicates that 
the first shell fits well to 4 N/O scatters at 1.93 Å (Table 4.1). Splitting this single shell 
into two subshells with 3−2 Cu−N/O scatters at approximately 2.00 Å and 1−2 Cu−O/N 
scatters at ca. 1.90 Å affords a moderate improvements in fit quality. However, the 
difference in bond lengths was slightly smaller than allowed by the 0.16 Å resolution of 
the data, and the σ2 (disorder parameters factor) associated with the shorter subshell was 
typically quite large, indicating that two-shell fits cannot be justified with the available 
EXAFS data. Similar results are obtained for fits of the unfiltered data (Table 4.2), with a 
splitting of the first Cu-N/O shell being unjustified based on the difference in bond 
lengths being within the resolution of the data. Therefore, it is concluded that the best fit 
to the first shell of CuA site consists of 4 N/O scatters at 1.93 Å (fit 2, Table 4.1 and fit 2, 
Table 4.2), which is consistent with our XANES analysis. 
A number of EXAFS studies of metalloproteins have shown that the outer-shell 
features over r' = 2.2-4.0 Å-1 in the Fourier transform arise from multiple scattering 
mechanisms from metal coordinated histidines, which cannot be accurately reproduced 
by single-scattering analysis alone.108,109 We therefore extended our analysis of Cu/Zn-
CA to include multiple-scattering effects to better understand the detailed structural 
information. In this approach, the coordinated imidazole group is treated as a rigid body 
with fixed bond lengths and angles for the imidazole ring system, and the FT peak 
intensities of the generated multiple scattering pathways are closely correlated to the 
number of bound histidine residues. Analysis of the EXAFS data using this methodology 
reveals that the fit quality is significantly improved. The best fit is obtained for two 
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symmetrically Cu2+ bound His ligands and two additional N/O scatters in the first shell 
(fit 10, Table 4.2). In this simulation, the multiple scattering parameters associated with 
the imidazole moiety are floated independently of those of the first shell. We also carried 
out several fits in which the His multiple scattering paths are floated dependently to the 
length of the first shell Cu-NHis scatter.110 Again, the best fit involves two His ligands and 
two additional N/O atoms (fit 13, Table 4.2), which agrees well with the data previously 
described, although with better fitting parameters. In addition, this analysis reveals an 
average Cu-NHis bond length of 1.98 Å, with the remainder of the Cu2+ coordination 
being modeled as two Cu-N/O scatters at 1.88 Å. So far, we could not identify the origin 
of the two N/O scatters from our EXAFS analysis. In terms of XAS data, these additional 







Figure 4.2 The XAS data for Cu/Zn-CA 
The XANES spectra (A), unfiltered k3(k) EXAFS spectra (B), and the Fourier transform
(C, k = 2.0-12.0 Å-1). Experimental data are represented by dotted lines, while best fits 





     
      
      
   
   
   
   
   
     
     
     
     
Cu-N/O/(S) Cu-O 
fit a n r 2 n r 2 F E0 BVS
1 3 1.93 2.5 22.3 -12.8 1.57 
2 4 1.93 4.4 17.1 -13.2 2.01 
3 5 1.93 6.2 24.0 -14.0 2.60 
4 6 1.92 7.8 46.5 -14.9 3.12 
5 2 1.99 -0.9 1 1.88 -3.5 16.8 -10.7 1.63 
6 2 2.00 3.0 2 1.90 0.9 15.9 -11.6 2.12 
7 3 1.93 3.3 1 1.96 8.0 16.8 -12.8 2.32 
8 3 1.92 2.5 2 1.83 18 17.3 -16.5 3.23 
9 2 1.93 0.9 3 1.88 15 19.0 -16.3 2.97 
10 2(S) 2.01 4.9 42.7 -32.7 -
11 3(S) 2.02 7.6 30.5 -30.3 -
12 4(S) 2.03 9.8 32.5 -29.7 -
13 5(S) 2.03 12 40.5 -28.6 -
 
Table 4.1 Single-scattering Fourier-filtered first-shell EXAFS analysis of Cu/Cu-CA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to Fourier-
filtered EXAFS data, k = 2.0-12.0 Å-1 (back transformation range = 0.6 – 2.1 Å, 
resolution = 0.16 Å)
b BVS = bond valence sum for the first-shell atoms of the fit. The BVS is defined as 
Σ(exp[(r0 – r)/0.37]), where r0 is an empirically derived parameter for a given pair of 
atoms and r is the actual bond length. The average (1.70 Å) of the published r0 values for 
Cu2+–N and Cu2+–O was used in the calculations. EXAFS cannot distinguish between 




    
     
     




   
   
   
           
   
           
           
      
           
           
  
           
   
   
   
   
   
   
   
   
Cu-N/O Cu···C(His) 
Fit a n r 2 n r 2 F F-factor E0 
1 3 1.92 2.9 254.5 0.550 -13.9 
2 4 1.92 4.8 234.4 0.539 -14.1 
3 5 1.92 6.4 242.9 0.548 -14.9 
4 6 1.92 8.0 261.4 0.568 -15.6 
5 7 1.92 9.4 286.7 0.595 -16.4 
6 4 1.92 4.6 2C 2.86 2.0 193.2 0.489 -14.0 
7 4 1.92 4.6 4C 2.86 5.3 187.0 0.481 -13.9 
8 4 1.92 4.6 6C 2.87 8.0 189.3 0.484 -13.6 
2.86 1.5 
9 4 1.92 4.6 1His 4.03 0.8 155.0 0.438 -14.6 
4.06 0.8 
2.86 5.2 
10 4 1.92 4.6 2His 4.04 4.9 143.2 0.420 -14.0 
4.07 4.9 
2.87 8.2 
11 4 1.92 4.6 3His 4.05 7.9 146.7 0.426 -13.7
4.08 7.9 
2.87 11 
12 4 1.92 4.6 4His 4.05 10 158.1 0.442 -13.6 
4.08 10 
1.98 6.0 









Table 4.2 EXAFS analysis of unfiltered data of Cu/Zn- CA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to unfiltered
EXAFS data over k = 2.0-12.0 Å-1. In fits 9-12, the His imidazoles were treated as a rigid 
body, and included single scattering paths for Cu–C and both three and four body paths 
involving Cu–C–C/N (C and N are the more distant atoms of the imidazole). Fit 
13-14 also included a three-body path for Cu–NHis–C. The pathlengths for the rigid 
imidazole were constrained to a constant difference from one another and 2 was 





In the Cu/Cu-CA sample, there are two copper ions per protein. X-ray absorption 
detects the average ligand environment of both CuA and CuB. However, both Cu/Zn-CA 
and Cu/Cu-CA exhibit very similar EXAFS spectra and Fourier transforms, which 
indicate similar coordination environments for CuA and CuB sites (Figure 4.3). Analysis 
of the Fourier-filtered first-shell data for Cu/Cu-CA at the single scattering level of 
theory indicates that the first shell fits well to 4-5 N/O scatters at 1.97 Å (Table 4.3). This 
result also suggests the average bond length at CuB is approximately 0.08 Å longer than 
the CuA site, which favors CuA is higher affinity copper binding site. Analysis of the 
unfiltered EXAFS data shows that the best fit contains two histidine groups and two N/O 
atoms in the first shell (fit 13, Table 4.4). Increasing the number of histidine ligands to 
2.5 results in a fit only marginally worse (fit 14, Table 4.4). Consequently, although we 
cannot determine the exact coordination number in CuB, the results suggest the CuB
center is highly consistent with the traditional metal binding site in CA, which uses three 








Figure 4.3 The XAS data for Cu/Cu-CA 
The XANES spectra (A), unfiltered k3(k) EXAFS spectra (B), and the Fourier transform
(C, k = 2.0-12.0 Å-1). Experimental data are represented by dotted lines, while best fits 





     
      
      
      
   
   
  
  
     
     
     
     
Cu-N/O/(S) Cu-O 
fit a n r 2 n r 2 F E0 BVS
1 3 1.97 2.6 13.6 -11.1 1.44 
2 4 1.97 4.5 13.3 -12.3 1.92 
3 4.5 1.96 5.4 16.7 -12.8 2.17 
4 5 1.96 6.2 21.9 -13.3 2.41 
5 6 1.96 7.9 35.8 -14.7 2.97 
6 3 1.96 2.1 1 1.82 8.3 7.0 -15.4 2.39 
7 4 1.95 3.5 0.5 1.74 3.5 9.4 -16.0 3.18 
8 2 1.97 0.6 2 1.86 12 4.7 -15.7 2.33 
9 2 1.96 0.6 2.5 1.86 15 4.7 -16.4 2.67 
10 2(S) 2.06 5.0 30.2 -29.3 -
11 3(S) 2.06 7.7 25.6 -28.4 -
12 4(S) 2.06 10 31.2 -27.9 -
13 5(S) 2.06 12 40.7 -27.5 -
 
Table 4.3 Single-scattering Fourier-filtered first-shell EXAFS analysis of Cu/Cu-CA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to Fourier-
filtered EXAFS data, k = 2.0-12.0 Å-1 (back transformation range = 0.6-2.1 Å, resolution 
= 0.16 Å)
b BVS = bond valence sum for the first-shell atoms of the fit. The BVS is defined as 
Σ(exp[(r0 – r)/0.37]), where r0 is an empirically derived parameter for a given pair of 
atoms and r is the actual bond length. The average (1.70 Å) of the published r0 values for 
Cu2+–N and Cu2+–O was used in the calculations. EXAFS cannot distinguish between 




fit a  n 
Cu-N/O 
r   2
Cu···C(His) 
n r   2 F F-factor  E0 
1 3 1.97 2.5 180.9 0.501 -11.7 
2 4 1.96 4.5 183.3 0.504 -12.4 
3 4.5 1.96 5.4      190.1 0.514 -12.8 
4 5 1.96 6.2      200.0 0.526 -13.3 
5 6 1.96 7.9      224.0 0.557 -14.2 
6 4 1.96 4.3  4C 2.93 7.9  156.5 0.466 -11.8 
7 4 1.96 4.3  5C 2.93 9.6  157.2 0.467 -11.7 
8 4 1.96 4.3  6C 2.93 11  158.8 0.469 -11.7 
  2.92 8.1  
9   4 1.96 4.3 2His 4.07 8.8  136.0 0.434 -12.7 
  4.10 8.8  
     2.93 9.8     
10  4 1.96 4.3 2.5His 4.09 11  136.3 0.435 -12.4  
     4.12 11     
       2.93 9.8     
11  4.5 1.96 5.2  2.5His 4.09 11   142.7  0.445  -12.8
       4.11 11     
     2.93 12     
12  4 1.96 4.3 3His 4.09 13  138.2 0.438 -12.4 
     4.12 13     
  1.96 0.3  
13  2  1.86 13 




8.0  116.5 0.402 -14.7
  4.09 8.0  











  4.09 10  
 
Table 4.4 EXAFS analysis of unfiltered data of Cu/Cu-CA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to unfiltered
EXAFS data over k = 2.0-12.0 Å-1. In fits 9-12, the His imidazoles were treated as a rigid 
body, and included single scattering paths for Cu–C and both three and four body paths 
involving Cu–C–C/N (C and N are the more distant atoms of the imidazole). Fit 
13-14 also included a three-body path for Cu–NHis–C. The pathlengths for the rigid 
imidazole were constrained to a constant difference from one another and 2 was 










XAS and ITC Study of NiCA 
The XANES spectrum of NiCA is shown in Figure 4.4A. The shape and intensity 
of the edges are consistent with a 5-6 coordinate N/O-rich Ni2+ site.111 NiCA shows a 
weak pre-edge peak associated with the 1s → 3d transition at 8332 eV, suggesting that 
the ligand arrangements are centrosymmetric.112 This feature is also compatible with a
square planar geometry, but the absence of the shoulder peak associated with 1s → 4pz
transition at 8338 eV rules out of this possibility.113 Therefore, the edge data suggests the 
nickel coordination in CA is six-coordinate octahedral geometry.   
The EXAFS analysis of the Ni2+ centers provides the metrical parameters for 
NiCA, which effectively allow us to a better understanding of its structure. The k3 
weighted EXAFS spectrum for NiCA and its Fourier transform are shown in Figure 4.4B 
and 4.4C. The Fourier transform exhibits a single intense peak at r' = 1.6 Å associated 
with first-shell ligands and a set of weak outer-shell features distributed over r' = 2.3-4.0 
Å (Figure 4.4C). The shape of the outer-shell feature as well as the features present at k ≈
3-6 Å−1 in EXAFS provide evidence for the presence of imidazole backscattering.114 The
nickel first coordination shell was analyzed by Fourier filtering and back-transforming 
between r' = 0.5-2.3 Å. The results (Table 4.5) indicate that the first shell can be 
satisfactorily fit to 5−6 N/O ligands at an average distance of 2.07 Å. We favor fits with 6 
N/O ligands on the basis of bond-valence sum calculations.115 Splitting this single shell 
into two subshells with 3−4 Ni−N/O scatterers at approximately 2.08 Å and 2−3 Ni−O/N 
scatterers at 1.95 Å afforded moderate improvements in fit quality. However, the 
difference in bond lengths was slightly smaller than allowed by the 0.18 Å resolution of 






Similar results are obtained for fits to the unfiltered data (Table 4.6). Therefore, we can 
conclude that the best fit to the first shell of Ni site consists of 6 N/O scatters at 2.07 Å
(fit 3, Table 4.5 and fit 3, Table 4.6), which is consistent with the XANES analysis. 
The outer-shell features distributed over r' = 2.3-4.0 Å in the Fourier transform
indicates the presence of histidine residues (Figure 4.4C). Multiple scattering analysis is 
preformed to estimate the number of histidine groups bound to nickel. The analysis of 
these features shows that they are best fit by contributions from 3 symmetrically bound 
His ligands (fit 14, Table 4.6), thus providing a basis for assigning first coordination 
sphere ligands. In all, it is concluded that the Ni2+ binds to the traditional metal binding
site of CA, where the Ni2+ is coordinated with three nitrogen ligands from histidines at 






Figure 4.4 The XAS data for NiCA 
The XANES spectra (A), unfiltered k3(k) EXAFS spectra and fit (B), and the Fourier 
transform and fit (C, k = 2.0-11.0 Å-1). Experimental data are represented by dotted lines, 




     
      
      
   
   
   
   
   
     
     
     
     
Ni-N/O/(S) Ni-O 
fit a n r 2 n r 2 F E0 BVS
1 4 2.07 3.6 29.1 -5.42 1.32 
2 5 2.07 5.3 20.3 -7.57 1.65 
3 6 2.07 6.8 20.0 -8.27 1.98 
4 7 2.06 8.2 25.8 -8.97 2.37 
5 3 2.10 0.4 2 1.95 3.4 4.2 -10.3 1.83 
6 3 2.08 1.3 3 1.94 9.3 5.2 -12.1 2.38 
7 4 2.09 1.6 1 1.92 0.2 7.7 -9.50 1.73 
8 4 2.08 2.4 2 1.92 6.4 6.0 -11.6 2.27 
9 5 2.07 3.4 1 1.89 2.4 9.2 -11.0 2.16 
10 4(S) 2.18 8.9 38.9 -22.2 -
11 5(S) 2.18 11 33.7 -22.2 -
12 6(S) 2.19 12 33.4 -22.1 -
13 7(S) 2.19 14 36.1 -22.0 -
 
Table 4.5 Single-scattering Fourier-filtered first-shell analysis of NiCA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to Fourier-
filtered EXAFS data, k = 2.0-11.0 Å-1 (back transformation range = 0.5-2.3 Å, resolution 
= 0.18 Å)
b BVS = bond valence sum for the first-shell atoms of the fit. The BVS is defined as 
Σ(exp[(r0 – r)/0.37]), where r0 is an empirically derived parameter for a given pair of 
atoms and r is the actual bond length. The average (1.66 Å) of the published r0 values for 
Ni2+–N and Ni2+–O was used in the calculations. EXAFS cannot distinguish between 




    
     
     




   
   
   
           
  
           
           
 
           
           
 
           
           
 
           
   
   
   
   
Ni-N/O Ni···C(His) 
fit a n r 2 n r 2 F F-factor E0 
1 4 2.08 3.6 191.2 0.466 -6.48 
2 5 2.08 5.3 175.0 0.445 -6.83 
3 6 2.07 6.8 173.1 0.443 -7.66 
4 7 2.07 8.2 182.0 0.454 -8.48 
5 8 2.06 9.5 198.5 0.474 -9.17 
6 6 2.07 6.7 4C 3.03 5.5 134.1 0.390 -7.03 
7 6 2.07 6.7 6C 3.03 9.1 137.0 0.394 -7.20 
8 6 2.07 6.7 8C 3.03 12 142.3 0.402 -7.30 
3.02 -0.1 
9 6 2.07 5.5 1His 4.23 -0.4 92.2 0.323 -7.51 
4.26 -0.4 
3.02 5.0 
10 6 2.07 6.7 2His 4.24 4.0 83.0 0.307 -7.55 
4.26 4.0 
3.02 9.2 
11 6 2.07 6.7 3His 4.23 6.7 86.0 0.312 -7.74 
4.26 6.7 
3.02 13 
12 6 2.07 6.6 4His 4.24 9.1 93..6 0.326 -7.53 
4.26 9.1 
3.02 9.5 
13 5 2.08 5.2 3His 4.25 7.1 85.2 0.311 -6.54 
4.27 7.1 
2.09 2.3 





Table 4.6 EXAFS analysis of unfiltered data of NiCA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to unfiltered
EXAFS data over k = 2.0-11.0 Å-1. In fits 9-13, the His imidazoles were treated as a rigid 
body, and included single scattering paths for Ni–C and both three and four body paths 
involving Ni–C–C/N (C and N are the more distant atoms of the imidazole). Fit 
14 also included a three-body path for Ni–NHis–C. The pathlengths for the rigid 
imidazole were constrained to a constant difference from one another and 2 was 









The thermodynamic values associated with Ni2+ binding to apoCA is measured in 
a series of ITC experiments. The ITC determined parameters (KITC and ΔHITC) were used 
to calculate ΔGITC for metal binding and the entropy change for metal binding, ΔSITC. 
The protein concentrations used in the ITC experiments were calculated from known 
molar absorptivities. A representative isotherm for the addition of Ni2+ to apoCA and the 
integrated enthalpy change data and nonlinear regression fit are shown in Figure 4.5. As a 
result, the ITC titration of Ni2+ into apoCA yields an isotherm that can be readily fit using 
single-site binding model (Table 4.8). In 100 mM Tris at pH 7.4, apoCA coordinates a 
stoichiometric amount of Ni2+ with an equilibrium constant (KITC) of 3.1 x 105. This 
binding event is enthalpically favored and entropically unfavored, which suggest that 
nickel binding to protein results in a more ordered protein-metal complex.   
Table 4.7 Summarized stability constants and  formation enthalpies for Ni-Buffer and 
H-Buffer 





TES 7.60 -7.7 2.75 -0.6 
Tris 8.10 -11.36 2.63 -3.4 
a Values are from reference 50 unless otherwise indicated. b Determined as part of this 
study via displacement experiments with EDTA 
If we delve into the ITC data more carefully, it is clear the equilibria measured in 
the ITC have to be treated as a competition of equilibria between the buffer and apoCA 
for Ni2+. The complex equilibria associated with Ni2+ with some common buffer have 
been documented,50 and can be used to help deconvolute the equilibria measured in the 
ITC. In addition, from a series of titrations in different buffers, apoCA loses proton upon 










Buffer nITC KITC (kcal/mol) (kcal/mol) (kcal/mol) 
TES 1.0 3.5 (±0.5)×105 -6.0 ± 0.1 -7.6 ± 0.1 -1.6 ± 0.1 
Tris 1.0 3.1 (±0.3)×105 -9.8 ± 0.2 -7.5 ± 0.1 2.3 ± 0.2 
is established that 1.7 protons are displaced by Ni2+ binding. It has been demonstrated 
that the origin of release protons is metal-bound water molecules, not the deprotonation 
of histidines.87 Based on the known thermodynamic parameters of metal buffer 
interactions (Table 4.7), we could establish the buffer- and pH-independent 
thermodynamic values of nickel binding to apoCA from a thermodynamic cycle (Table 
4.9 and 4.10). 
Table 4.8 Best fit values for Ni2+ binding to apoCA from ITC experiments at pH 7.4 
Thermodynamic parameters calculated from titrations of Ni2+ into apoCA in Tris 
and TES buffer are highly consistent with each other (Table 4.11). The average pH- and 
buffer-independent association constant (Ka) of Ni2+ for apoCA is 2.0 × 107, which is 100 
times lower than the affinity for native metal Zn2+. The average change in enthalpy of 
binding is calculated to be −16.7 kcal/mol, and the change in entropy is estimated to be 
−22.5 cal/mol/K (where −TΔS = 6.7 kcal/mol). According to our analysis, Ni2+ binding to 
carbonic anhydrase is primarily an enthalpy-driven process and the structure is more 




 Figure 4.5 ITC data of nickel binding to apoCA in 100 mM Tris, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 45 μM apoCA was titrated 
with 30 x 3 µL of 1.6 mM Ni(NO3)2 in 100 mM Tris at pH 7.4. (B) Integrated isotherm 
and the best associated fit for a two-site binding model. The average thermodynamic 







Figure 4.6 ITC data of nickel binding to apoCA in 100 mM TES, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 40 μM apoCA was titrated 
with 25 x 3 µL of 1.75 mM Ni(NO3)2 in 100 mM TES at pH 7.4. (B) Integrated isotherm
and the best associated fit for a two-site binding model. The average thermodynamic 





eq reaction coeff (kcal/mol) (kcal/mol) 
Ni(TES)2+ + (H+)1.7-CA + 0.7 TES → Ni-CA2+ + 1.7 
H+TES -6.0a   -7.6a 
1   Ni(TES)2+ → Ni2+ + TES 1 0.75b   3.7b 
2   H+-CA → H+ + CAc 1.7 13.5d   10.0e 
3 TES + H+ → H+TES 1.7 -7.7b   -10.4b 





eq reaction coeff (kcal/mol) (kcal/mol) 
Ni(Tris)2+ + (H+)1.7-CA + 0.7 Tris → Ni-CA2+ + 1.7 
H+Tris -9.8a   -7.5a 
1   Ni(Tris)2+ → Ni2+ + Tris 1 3.4b   3.6b 
2   H+-CA → H+ + CAc 1.7 13.5d   10.0e 
3 Tris + H+ → H+Tris 1.7 -11.36b   -11.0b 
4   Ni2+ + CA → NiCA2+ 1 -16.8 -9.4 
  
Table 4.9 Thermodynamic cycle for Ni2+ binding to apoCA in 100 mM TES, pH = 7.4 
a From Table 4.8. b From Table 4.7. c The reaction actually written as: (His)3Ni-(H2O)3 →
(His)3Ni-(OH-)3 + 3H+. d ref 50. e pKa of nickel bound water is 7.3. ∆G° = -RTln(Ka) 
Table 4.10 Thermodynamic cycle for Ni2+ binding to apoCA in 100 mM Tris, pH = 7.4 
a From Table 4.8. b From Table 4.7. c The reaction actually written as: (His)3Ni-(H2O)3 →













 6.0 (±1.0)×107 
 7.9 (±1.3)×106 
-16.6 ± 0.1 
-16.8 ± 0.2 
-10.6 ± 0.1 
-9.4 ± 0.1 
6.0 ± 0.1 
7.4 ± 0.2 






Table 4.11 Summary of pH- and buffer-independent thermodynamic values for Ni2+ 
binding to apoCA 
XAS and ITC Study of CoCA 
In the cobalt substituted carbonic anhydrase, the pre-edge XANES spectrum
features a single intense pre-edge peak at 7710 eV that is associated with a 1s → 3d 
electronic transition (Figure 4.7A).116 The area of this peak is sensitive to the symmetry 
of the cobalt and thus can be used to probe the coordination number and geometry of the 
cobalt centers.117 In this case, the intense peak area and the absence of any other pre-edge 
features rule out of possibility of centrosymmetric octahedral and square-planar 
geometry, and is significantly consistent with the peak observed for distorted tetrahedral 
cobalt complex.117  In addition, the energy position of this pre-edge peak is consistent 
with a Co2+ oxidation state assignment, whereas Co3+ complexes exhibit a blue shifted 
peak at ca. 7712 eV.118
 EXAFS analysis provides us information about the types of scattering atoms and 
metric details about the structure. The k3 weighted EXAFS spectrum of CoCA and its 
Fourier transform is shown in Figure 4.7B and 4.7C. The Fourier transform exhibiting a 
single intense peak at r' = 1.4 Å associated with first-shell ligands and a set of outer-shell 
features distributed over r' = 2.2-4.0 Å (Figure 4.7 C). The shape of the outer-shell feature 






of imidazole backscattering.14 The cobalt first coordination shell was analyzed by Fourier 
filtering and back-transforming between r' = 0.6-2.2 Å. The results (Table 4.12) indicate 
that the first shell can be satisfactorily fit to 4−5 N/O ligands at an average distance of 
1.91 Å. We favor fits with 4 N/O ligands on the basis of bond-valence sum calculations. 
Splitting this single shell into two subshells with 2−3 Co−N/O scatterers at approximately 
1.93 Å and 1−2 Co−O/N scatterers at 1.88 Å afforded moderate improvements in fit 
quality. However, the difference in bond lengths was slightly smaller than allowed by the 
0.20 Å resolution of the data, indicating that two-shell fits cannot be justified with the 
available EXAFS data. Similar results are obtained for fits to the unfiltered data (Table 
4.13). Therefore, it is concluded that the best fit to the first shell of Co2+ site consists of 4 
N/O scatters at 1.91 Å (fit 2, Table 4.12 and fit 2, Table 4.13), which is consistent with 
our XANES analysis. 
The outer-shell features distributed over r' = 2.2-4.0 Å in the Fourier transform
indicates the presence of histidine residues (Figure 4.7C). Multiple scattering analysis is 
performed to estimate the number of histidine groups bound to cobalt. The analysis of 
these features shows that they are best fit by contributions from 3 symmetrically bound 
His ligands (fit 13, Table 4.13), thus providing a basis for assigning first coordination 
sphere ligands. Therefore, it is concluded that the Co2+ binds to the traditional metal 
binding site of CA in tetrahedral geometry. The Co2+ is coordinated with three nitrogen 
ligands from histidine at 1.97 Å, and most likely an additional solvent-derived oxygen 







Figure 4.7 The XAS data for CoCA 
The XANES spectra (A), unfiltered k3(k) EXAFS spectra (B), and the Fourier transform
(C, k = 2.0-10.0 Å-1). Experimental data are represented by dotted lines, while best fits 





     
      
      
   
   
   
   
   
     
     
     
     
fit a n r 2 n r 2 F E0 BVS
1 3 1.91 1.5 39.8 -5.42 1.90 
2 4 1.91 3.6 24.2 -5.84 2.55 
3 5 1.90 5.4 25.8 -6.48 3.19 
4 6 1.90 7.0 39.5 -7.22 3.86 
5 3 1.93 4.3 1 1.86 1.5 18.7 -5.38 2.45 
6 3 1.91 2.9 2 1.87 15 25.8 -6.42 3.12 
7 4 1.90 3.8 1 1.79 22 25.7 -7.79 3.36 
8 2 1.91 3.2 2 1.88 5.4 18.4 -5.25 2.46 
9 2 1.91 0.9 3 1.88 14 26.9 -6.29 3.06 
10 3(S) 2.02 6.2 42.6 -26.0 -
11 4(S) 2.03 8.6 31.2 -24.4 -
12 5(S) 2.03 10 31.0 -24.1 -
13 6(S) 2.03 12 36.6 -23.2 -
 
Table 4.12 Single-scattering Fourier-filtered first-shell analysis of CoCA 
Co-N/O/(S) Co-O 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to Fourier-
filtered EXAFS data, k = 2.0-10.0 Å-1 (back transformation range = 0.6-2.1 Å, resolution 
= 0.20 Å)
b BVS = bond valence sum for the first-shell atoms of the fit. The BVS is defined as 
Σ(exp[(r0 – r)/0.37]), where r0 is an empirically derived parameter for a given pair of 
atoms and r is the actual bond length. The average (1.74 Å) of the published r0 values for 
Co2+–N and Co2+–O was used in the calculations. EXAFS cannot distinguish between 




    
     
     




   
   
   
           
  
           
           
   
           
           
 
           
   
   
   
   
   
   
   
   
Co-N/O Co···C(His) 
fit a n r 2 n r 2 F F-factor E0 
1 3 1.91 1.8 209.5 0.434 -5.44 
2 4 1.91 3.9 171.1 0.393 -5.26 
3 5 1.91 5.6 164.7 0.385 -6.12 
4 6 1.91 7.2 180.7 0.403 -6.83 
5 7 1.90 8.7 212.9 0.438 -7.50 
6 4 1.91 3.8 2C 2.86 5.0 146.0 0.363 -5.18 
7 4 1.91 3.8 4C 2.88 10 141.8 0.357 -5.20 
8 4 1.91 3.8 6C 2.89 15 144.3 0.360 -5.36 
2.86 4.4 
9 4 1.91 3.8 1His 4.19 2.9 126.2 0.337 -4.76 
4.22 2.9 
2.88 11 
10 4 1.91 3.8 2His 4.14 12 117.8 0.326 -5.19 
4.17 12 
2.90 16 
11 4 1.91 3.8 3His 4.12 16 119.6 0.328 -5.33 
4.15 16 
2.91 24 














Table 4.13 EXAFS analysis of unfiltered data of CoCA 
a r is in units of Å; 2 is in units of 10-3 Å2; E0 is in units of eV. All fits are to unfiltered
EXAFS data over k = 2.0-10.0 Å-1. In fits 9-12, the His imidazoles were treated as a rigid 
body, and included single scattering paths for Co–C and both three and four body paths 
involving Co–C–C/N (C and N are the more distant atoms of the imidazole). Fit 
13-14 also included a three-body path for Co–NHis–C. The pathlengths for the rigid 
imidazole were constrained to a constant difference from one another and 2 was 










The thermodynamic values associated with Co2+ binding to apoCA is measured in 
a series of ITC experiments. A representative isotherm for the addition of Co2+ to apoCA 
and the integrated enthalpy change data and nonlinear regression fit are shown in Figure 
4.9. As a result, the ITC titration of Co2+ into apoCA yields an isotherm that can be 
readily fit using single-site binding model (Table 4.15). In 100 mM Tris at pH 7.4, 
apoCA coordinates a stoichiometric amount of Co2+ with an equilibrium constant (KITC) 
of 8.2 x 105. This binding event is enthalpically favored and entropically unfavored, 
which suggest that cobalt binding to protein results in a more ordered protein-metal 
complex.   
Table 4.14 Summarized stability constants and formation enthalpies for Co-Buffer and 
H-Buffer 





TES 7.60 -7.7 2.07 -0.8 
Tris 8.10 -11.36 1.73 0.9 
a Values are from reference 26 unless otherwise indicated. b Determined as part of this 
study via displacement experiments with EDTA 
In fact, the equilibria measured in the ITC have to be treated as a competition of
equilibria between the buffer and apoCA for Co2+. The complex equilibria associated 
with Co2+ with some common buffer have been documented,50 and can be used to help 
deconvolute the complex equilibria measured in the ITC. In addition, apoCA loses 
protons upon the metal binding. By performing similar titrations in 100 mM TES buffer, 
we could establish 0.7 protons are displaced by Co2+ binding (Figure 4.8). The pKa of the 
cobalt-bound water in CA is determined to be 7.0,44 which suggests that as the metal site 










Buffer nITC KITC (kcal/mol) (kcal/mol) (kcal/mol) 
TES 1.0 1.1 (±3.4)×106 -19.3 ± 0.3 -8.2 ± 0.3 11.0 ± 0.3 
Tris 1.0 8.2 (±1.7)×105 -23.7 ± 0.1 -8.0 ± 0.1 15.6 ± 0.1 
 
excellent agreement with the experimentally determined value. Based on the known 
thermodynamic parameters of metal buffer interactions (Table 4.14), we could establish 
the buffer- and pH-independent thermodynamic values of cobalt binding to apoCA from
a thermodynamic cycle in Table 4.16 and 4.17.  
Table 4.15 Best fit values for Co2+ binding to apoCA from ITC experiments at pH 7.4 
Thermodynamic parameters calculated from titrations of Co2+ into apoCA in Tris 
and TES buffer are highly consistent (Table 4.18). The average pH- and buffer-
independent association constant (Ka) of Co2+ for apoCA is 1.8 × 107, which is 100 times 
lower than the affinity for native metal Zn2+. The average change in enthalpy of binding 
is calculated to be −24.2 kcal/mol, and the change in entropy is estimated to be −48.0 
cal/mol/K (where −TΔS = 14.3 kcal/mol). According to our analysis, Co2+ binding to 
carbonic anhydrase is primarily an enthalpy-driven process and the structure is more 






Figure 4.8 ITC data of cobalt binding to apoCA in 100 mM TES, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 50 μM apoCA was titrated 
with 30 x 3 µL of 1.56 mM Co(NO3)2 in 100 mM TES at pH 7.4. (B) Integrated isotherm
and the best associated fit for a two-site binding model. The average thermodynamic 






Figure 4.9 ITC data of cobalt binding to apoCA in 100 mM Tris, pH 7.4 
(A) Raw data from the titration of a 1.5 mL cell containing 55 μM apoCA was titrated 
with 40 x 3 µL of 1.4 mM Co(NO3)2 in 100 mM Tris at pH 7.4. (B) Integrated isotherm 
and the best associated fit for a two-site binding model. The average thermodynamic 





eq reaction coeff (kcal/mol) (kcal/mol) 
Co(TES)2+ + (H+)0.7-CA → Co-CA2+ + 0.7 H+TES + 
0.3 TES -19.3a   -8.2a 
1   Co(TES)2+ → Co2+ + TES 1 0.8b   2.8b 
2   H+-CA → H+ + CAc 0.7 13.5d   9.5e 
3 TES + H+ → H+TES 0.7 -7.7b   -10.4b 
4   Co2+ + CA → CoCA2+ 1 -24.2 -10.4 
 
 
eq reaction coeff (kcal/mol) (kcal/mol) 
Co(Tris)2+ + (H+)0.7-CA → Co-CA2+ + 0.7 H+Tris + 
0.3 Tris -23.7a   -8.0a 
1   Co(Tris)2+ → Co2+ + Tris 1 -0.9b   2.4b 
2   H+-CA → H+ + CAc 0.7 13.5d   9.5e 
3 Tris + H+ → H+Tris 0.7 -11.36b   -11.0b 
4   Co2+ + CA → CoCA2+ 1 -24.3 -9.4 
Table 4.16 Thermodynamic cycle for Co2+ binding to apoCA in 100 mM TES, pH = 7.4 
a From Table 4.15. b From Table 4.14. c The reaction actually written as: (His)3Co-(H2O) 
→ (His)3Co-(OH-) + H+. d ref 50. e pKa of cobalt bound water is 7.0. ∆G° = -RTln(Ka) 
Table 4.17 Thermodynamic cycle for Co2+ binding to apoCA in 100 mM Tris, pH = 7.4 
∆H ∆G 
a From Table 4.15. b From Table 4.14. c The reaction actually written as: (His)3Co-(H2O) 




∆H ∆G -T∆S 
Buffer K (kcal/mol) (kcal/mol) (kcal/mol) 
TES  4.3 (±1.3)×107 -24.2 ± 0.1 -10.4 ± 0.1 13.8 ± 0.1 
Tris  7.8 (±1.2)×106 -24.3 ± 0.1 -9.4 ± 0.1 14.9 ± 0.1 







Table 4.18 Summary of pH- and buffer-independent thermodynamic values for Co2+ 
binding to apoCA 
Conclusion 
To summarize, the XAS studies of various M-CA complexes (M = Zn2+, Cu2+, 
Ni2+, and Co2+) show that each metal ion binds to the traditional (His)3 active site in CA
with a unique structure. The XAS results are highly consistent with structures reported 
from crystallographic studies (Figure 4.1).43 Among the metal variants, only CoCA 
retains tetrahedral structure and hydrolytic activity as in native enzyme, indicating the 
tetrahedral geometry plays important role in carbonic anhydrase function. In addition, 
Cu2+ binds to a high affinity site in addition to the usual metallocenter. This high affinity 
site is comprised of two His ligands and two additional N/O atoms. Furthermore, Ni2+ 
coordinates in an octahedral geometry (Figure 4.1).         
The CA binds metal ions with relative affinity Co2+ < Ni2+ < Cu2+ ≥ Zn2+ and with 
the thermodynamics summarized in Table 4.19. The affinities and free energies of first-
row transition-metal ions binding are consistent with the Irving-Williams series, which 
predicts an increase in stability from Co2+ to Cu2+, followed by a similar or lower stability 
for Zn2+.119 This trend is explained by the polarizability of the coordinating atoms (hard-
soft/acid-base theory) and is found in case of CA.69  As a result, the choice of Zn2+ for




could binds to the active site in CA with comparable affinity. However, nature perhaps 
designed an additional high affinity copper binding site in CA, which can specifically 
bind Cu2+ with Ka in the order of 1013. This high affinity site effectively limits Cu2+ 
competing with Zn2+. 
In general, the high metal affinity of (His)3 site in CA is due to a very favorable 
enthalpy of binding but unfavorable entropic contributions. The major enthalpic 
contribution of binding is expected to be the formation of M-imidazole bonds. For Ni2+, 
Cu2+, and Zn2+, the enthalpy values reported here suggest the formation enthalpy of a 
M2+-(His)3 site is approximately -16.5 kcal/mol with averaged bond length about 2.00 Å 
in CA, which indicates the metal coordination and binding enthalpy are fairly constant in 
these metallo variants. The origin of the unfavorable entropy term is hard to estimate. The 
conformational constraints of metal coordinating to the protein and the reorganization of 
solvent network could contribute to the entropy penalty.104 Co2+, however, has somewhat 
shorter than expected metal-ligands bond lengths, resulting in more rigidly constrained 
protein complexes that may correlate with the big coordination entropy penalty.  
120 
 
  Table 4.19 Summary of thermodynamic and XAS values for metal binding to apoCA 
(His3 Binding Site) 
Metal 
Coordination Bond 
number  Length (Å) 
K
∆H ∆G -T∆S
(kcal/mol) (kcal/mol) (kcal/mol) 
Co2+ 4 1.91 1.8×107 -24.2 -9.9 14.3 
Ni2+ 6 2.07 2.0×107 -16.7 -10.0 6.7 
Cu2+ 5 2.01 5.7×109 -16.7 -13.3 3.4 
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